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PREFACE 

This  final  technical  report  covers  the  work  done  under 
contract  No.  F33615-77-C-0030  sponsored  by  the  the  Air  Force 
Systems  Command,  U.S.  Air  Force,  Brooks  A.F.B.,  Texas, 
entitled  "Wide  Angle,  Color,  Infinity  Optics  Display". 

The  technical  contractor  monitors  were  Arthur  T.  Gill 
and  G.  J.  Dickison  from  H.R.L.,  Wright  Patterson  A.F.B.,  Ohio. 

The  project  engineer  responsible  for  the  program  was 
Edward  Rossi. 

The  holographic  research  and  development  was  directed 
and  carried  out  by  Jose  R.  Magarifios  in  collaboration  with 
Daniel  J.  Coleman,  and  the  technical  :.ss  r.nce  of  William 
Marshall  and  John  Andres. 

A  contributor  to  this  program  was  Martin  Shenker  as 
chief  optical  designer. 
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SECTION  I 


INTRODUCTION 


General 


The  Air  Force  Human  Resources  Laboratory  has  estab¬ 
lished  a  program  which  provides  for  the  design,  development, 
and  fabrication  of  advanced  training  simulation  systems  for 
use  in  establishing  pilot  training  requirements. 

The  Pancake  Window  has  served  as  the  basic  optical 
element  in  the  visual  system  of  two  such  advanced  trainers, 
namely  the  Advanced  Simulator  for  Pilot  Training  (ASPT)  and 
the  Simulator  for  Air-to-Air  Combat  (SAAC) . 

While  both  of  these  systems  were  highly  successful 
from  a  performance  standpoint,  the  considerable  weight  and 
high  manufacturing  cost  of  the  multiple  Pancake  Windows 
employed  were  objectionable  characteristics  worthy  of  further 
investigation.  The  substitution  of  holographic  elements 
to  overcome  these  objections  was  undertaken  as  the  next 
logical  step  in  the  further  development  of  the  Pancake  Win¬ 
dow  infinity  display  system. 

In  successive  programs,  holographic  optical  elements 
replaced  classical  optical  elements  to  produce  first  a 
single  unit  monochromatic  holographic  Pancake  Window  and 
later  a  mosaic  of  three  holographic  Pancake  WindowsQpjo- 
viding  a  continuous  horizontal  field  of  view  of  120  .  ' 

Specifically,  a  costly  and  heavy  spherical  beamsplitter 
glass  mirror  was  replaced  in  the  Pancake  Window  configur¬ 
ation  by  a  flat,  light-weight,  and  potentially  low  cost 
holographic  spherical  beamsplitter  mirror.  These  initial 
holographic  mirrors  have  a  monochromatic  response,  and  con¬ 
sequently  the  resulting  holographic  Pancake  Windows  do  not 
have  a  full  color  visual  display  capability. 

To  further  develop  the  holographic  Pancake  Window  ap¬ 
proach,  the  program  which  is  the  subject  of  this  report  was 
established.  This  program  calls  for  the  development  of  a 

NOTE:  "Pancake  Window"  is  a  registered  U.S.  Trade  Mark. 


tricolor  holographic  beamsplitter  spherical  mirror  with  full 
spectral  response.  This  holographic  mirror  is  to  be  assem¬ 
bled  in  a  tricolor  holographic  Pancake  Window  to  provide 
full  color  visual  display  capability. 

Background 

Classical  Pancake  Window 


The  Pancake  Window  visual  display  system  is  an  in-line, 
compact,  infinity  display  system  with  the  advantages  of  us¬ 
ing  only  reflective  optics  and  providing  very  large  field- 
of-view  angles.  It  consists  of  two  linear  polarizers, 
two  quarter-wave  plates,  and  two  beamsplitter  mirrors  ar¬ 
ranged  as  illustrated  in  (Figure  1).  Each  linear  polarizer 
with  its  adjacent  quarter-wave  plate  forms  a  circular  po¬ 
larizer.  One  of  the  beamsplitters  is  a  spherical  beamsplit¬ 
ter  whose  focal  plane  is  folded  by  the  other  beamsplitter 
which  is  a  plane  beamsplitter.  Light  that  originates  in 
the  focal  plane  of  the  spherical  beamsplitter  becomes  col¬ 
limated  upon  reflection  from  the  beamsplitters,  and  con¬ 
sequently,  the  information  displayed  at  the  focal  plane  will 
be  displayed  at  optical  infinity  when  viewed  throuah  the 
Pancake  Window.  Because  it  uses  beamsplitter  mirrors,  part 
of  the  light  may  be  transmitted  through  the  Pancake  Window 
without  being  reflected  by  the  beamsplitter  mirrors.  To 
avoid  the  direct  transmission  of  the  light,  the  Pancake  Win¬ 
dow  uses  a  system  of  linear  polarizers  and  quarter-wave 
plates . 

As  is  schematically  represented  (Figure  1) ,  unpolarized 
light  reaching  the  Pancake  Window  becomes  linearly  polarized 
going  through  its  first  element,  a  linear  polarizer.  It 
then  will  go  through  the  spherical  beamsplitter  and  through 
the  first  quarter-wave  plate  where  it  will  become  circularly 
polarized.  It  will  be  partially  transmitted  and  partially 
reflected  in  the  plane  beamsplitter  mirror.  The  light  that 
is  transmitted  becomes  linearly  polarized  again  going 
through  the  second  quarter-wave  plate  and  it  is  "crossed" 
or  absorbed  by  the  last  element,  the  second  polarizer  whose 
axis  is  rotated  90°  with  respect  to  the  first  linear  polar¬ 
izer.  The  light  that  is  reflected  in  the  plane  beamsplitter, 
being  circular,  suffers  a  change  in  handedness  upon  reflec¬ 
tion,  and  when  it  becomes  linear  after  going  again  through 
the  first  quarter-wave  plate,  it  will  have  its  plane  of 
polarization  rotated  90°  with  respect  to  the  light  that  was 
transmitted.  Upon  being  reflected  again  at  the  spherical 
beamsplitter,  it  will  reach  the  last  polarizer  with  its  plane 
of  polarization  not  crossed  but  parallel  to  its  linear  axis, 
and  consequently,  this  light  will  be  transmitted  by  the 
Pancake  Window. 

*See  AFHRL-TR- 7 5- 59 (VI)  for  a  detailed  description. 
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LINEAR  POLARIZER 


FIGURE  1.  PANCAKE  WINDOW1"  CONFIGURATION 


An  observer  viewing  through  the  window  sees  an  image 
at  infinity  focus  of  the  object  placed  at  the  focal  plane 
of  the  spherical  mirror.  The  polarizing  elements  prevent 
direct  perception  of  the  image  source.  The  Pancake  Window 
is  operating  then  as  an  on-axis,  in-line  magnifier  lens,  and 
acts  as  a  reflective  rather  than  a  refractive  system.  This 
arrangement  permits  the  design  of  the  very  fast  systems 
which  are  practically  impossible  to  design  using  refractive 
optics . 

A  typical  Pancake  Window  Infinity  Display  System  has 
the  following  characteristics: 

1.  36  inch  eye  relief  for  an  84°  total  field 
allowing  12  inches  of  head  motion  (pupil  volume)  around  the 
center  of  curvature  of  a  48  inch  radius  mirror. 

2.  The  focal  length  would  be  24  inches  and  the  over¬ 
all  thickness  under  12  inches. 

3.  Maximum  decollimation  would  be  9  arc  minutes  over 
any  head  motion  and  field  angle. 

4.  No  chromatic  aberrations  or  distortion  over  an 
84°  total  field  where  the  only  significant  aberration  is 
the  spherical  aberration. 

Multiple  Pancake  Window  units  are  butted  together  and 
can  produce  a  360°  f ield-of-view  system.  A  dodecahedron 
configuration  using  pentagonally  shaped  Pancake  Window 
systems  has  been  used  in  the  ASPT  and  the  SAAC. 


Holographic  Pancake  Window 

The  holographic  Pancake  Window  system  operates  in  a 
manner  similar  to  a  standard  Pancake  Window  system  in  which 
the  glass  spherical  beamspl:'  - 1  aced  by  a 

holographic  optical  element  -  .  a»ue  optical 

characteristics  recorded  in  /  .....  and  flat  gelatin 

film.  The  HOE  is  not  work-'  rofl.rr1  ' —  ’•"4‘  ’~ 

tion,  and  consequently,  dc  r.~>t  v  "  - 

and  hot  spherical.  This  r-.  ’  - 

Pancake  Window  to  be  ■ 
all  of  its  elements  b 
sical  Pancake  Window, 
due  to  the  curvature  > 

One  drawback  of  using  HOEs  is  that  the  substrate  sup¬ 
porting  the  holographic  films  produces  unwanted  reflections, 
usually  of  different  magnification,  which  deteriorate  and 
interfere  with  the  viewing  of  the  principal  image. 

This  effect  does  not  occur  in  the  Pancake  Window 
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CLASSICAL  PANCAKE  WINDOW 


HOLOGRAHIC  PANCAKE  WINDOW 


configuration  in  which  the  holociraohic  substrate  is  optically 
cemented  (with  an  index  of  refraction  match)  and  the  circu¬ 
lar  polarizer  con f inurat ion  eliminates  surface  reflection. 

A  particular  characteristic  of  the  holographic  Pancake 
Window  is  that  its  spectral  response  corresponds  to  the 
spectral  response  of  the  holooraohic  spherical  beamsplitter. 
The  holoqraphic  mirrors  produced  prior  to  this  program  were 
monochromatic  and  match  the  spectral  response  peak  of  the 
cathode  ray  tubes  (CRTs)  input  phosphors. 


Holographic  Spherical  Beamsplitter  Mirror 

A  hologram  is  the  recording  of  the  intensity  and  phase 
characteristics  of  two  wavefronts  of  radiation.  It  is  re¬ 
corded  as  intensity  variations  of  the  inter ferogram  pro¬ 
duced  by  the  interference  of  said  wavefronts  at  the  re¬ 
cording  plane,  and  after  being  processed,  if  properly  il¬ 
luminated,  will  reproduce  the  original  wavefronts  by  a 
process  of  diffraction. 

The  holographic  recording  material  can  be  modulated 
only  at  the-  surface  (plane  holograms)  or  throuahout  its 
volume,  (volume  holoarams)  or  can  be  modulated  by  phase  or 
absorption . 

The  holograms  used  in  the  holographic  spherical  beam¬ 
splitter  mirrors  are  of  the  volume-phase  type.  The  material 
to  record  these  holograms  is  gelatin  film  photosensitized 
with  ammonium  dichromate. 

The  process  is  as  follows.  A  gelatin  film  is  hardened 
to  the  point  at  which  it  just  becomes  insoluble  in  water 
at  normal  room  temperature.  The  film  is  photosensitized 
with  ammonium  dichromate  and  upon  exposure  to  liaht  becomes 
slightly  harder  in  areas  where  the  absorption  of  the  light 
was  greater.  After  the  dye  is  washed  out  and  the  film  swelled 
with  water,  it  is  dehydrated  rapidly.  The  dehydration  and 
drying  create  strain  areas  and  material  modifications  in  the 
volume  of  the  film  with  local  changes  in  its  index  of  re¬ 
fraction.  This  index  of  refraction  modulation  produce's  a 
diffraction,  three-dimensional  cratinci  which  is  the  holeuram. 

To  produce  a  spherical  mirror  holographically,  the  f  i  )r 
in  which  the  holoaram  would  be  recorded  should  bo  illumin¬ 
ated  by  two  wavefronts,  each  orininating  in  point  sources 
coincident  with  its  focus.  Since  a  sphere  has  the'  two  foot 
coincident  at  its  center  of  curvature,  to  produce  a  holo¬ 
oraphic  spherical  mirror,  two  wavefronts  arc  used,  one 
emanatino  and  the  other  converqino  at  the  same  point  which 
will  become  the  center  of  curvature  of  the  holoqraphic 
spherical  mirror  (Ficure  1). 


HOLOGRAPHIC  PLATE 


FIGURE  3.  HOLOGRAPHIC  SPHERICAL  MIRROR 
CONSTRUCTION  GEOMETRY 


When  the  holographic  mirror  is  illuminated,  it  will 
diffract  light.  The  diffracted  wavefront  will  have  similar 
characteristics  to  those  of  a  reflected  wavefront  from  a 
classical  mirror.  If  the  holoqram  diffracts  all  of  the 
incident  liqht,  it  will  be  equivalent  to  a  total  reflectinq 
mirror.  If  only  part  of  the  liqht  is  diffracted  by  the  holo 
qraphic  mirror,  it  will  be  equivalent  to  a  partially  reflec- 
tina  mirror  or  beamsplitter  mirror. 

The  holoqraphic  beamsplitter  mirrors  are  reflection 
holoqrams,  which  typically  have  a  relatively  narrow  band 
wnvelenath  response.  These  are  the  so-called  monochromatic 
holoqraphic  beamsplitter  mirrors  that  have  been  used  in  the 
monochronatic  holoqraphic  Pancake  Window.  The  efficiency 
of  this  mirror  (as  related  to  the  holoqraphic  Pancake  Win¬ 
dow  transmission)  is  very  hiqh  when  used  with  monochromatic 
sources  such  as  some  of  the  very  narrow  band  CRT  phosphors 
(Fiqure  4).  When  used  with  white  light  (broad  band)  sources 
the  efficiency  is  low  because  of  the  mirror's  chromaticity . 


Tricolor  Holographic  Spherical  Beamsplitter  Mirror 

A  tricolor  holographic  mirror  is  a  composite  of  three 
holoqraphic  mirrors,  each  having  a  monochromatic  (narrow 
band)  response  and  a  focal  length  which  is  identical  at  the 
peak  wavolencth  response  of  each  holoaram.  The  spectral 
distribution  response  of  these  three  holoqrams  can  be  se¬ 
lected  to  produce  a  wide  band  spectral  response  with  little 
overlap  between  monochromat ic  responses.  The  three  mono¬ 
chromatic  holonrams  can  be  recorded  in  the  same  film  or  in 
different  films  and  can  be  assembled  onto  a  common  film  sub¬ 
strate  or  on  separate  substrates. 


Pro.  ioct  I’ vo  1  ut  ion 


In  specific  anti  1  icat  ions  HOEs  should  con. ne'e  favorably 
with  1  erases  and  mirrors,  and  as  mentioned  before,  in  the 
Pancake  Window  con  f  i  curat:  i  on  a  holographic  spherical  bear  - 
sn!  it  ter  <•<  -u  1  d  reduce  drastically  the  product  inr.  cost  and 
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BEAMSPLITTER 


FIGURE  4.  P-44  PHOSPHOR  SPECTRAL  DISTRIBUTION 


To  evaluate  the  optical  performance  of  holographic 
elements  which  could  be  used  in  the  Pancake  Window  infinity 
display  system,  a  17  inch  diameter  holographic  spherical 
beamsplitter  mirror  was  produced  and  a  Pancake  Window  as¬ 
sembled  using  this  hologram  as  the  spherical  beamsplitter 
element . 

Also  evaluated  were  the  performance  of  a  high  power 
continuous  wave  (c.w.)  argon  laser  with  regard  to  its  suit¬ 
ability  to  the  fabrication  of  the  HOEs;  and  the  adequacy 
of  the  existing  holographic  facilities.  New  techniques 
applicable  to  the  various  steps  in  the  preparation  of  the 
holograms  were  also  developed  and  evaluated  in  the  course 
of  this  effort. 

The  use  of  multiple  holographic  Pancake  Windows  in  a 
single  system  was  next  investigated  as  part  of  this  continu¬ 
ing  development. 

Holographic  Pancake  Windows  were  evaluated  not  as  single 
elements  but  in  a  mosaic  of  three  units  butted  edge  to  edge 
and  with  a  dynamic  imagery  display  which  could  be  driven 
across  all  three  windows.  There  was  also  a  continued  effort 
to  improve  the  quality  and  repeatability  of  the  holograms 
as  a  result  of  what  was  learned  in  the  fabrication  of  the 
17  inch  holographic  Pancake  Window  and  subsequent  developments 


Prior  Project  Analysis 

The  performance  of  the  17  inch  holographic  Pancake 
Window  manifested  a  series  of  defects  and  inconsistent  re¬ 
sults  which  were  not  quite  understood.  Consequently,  an 
in-depth  analysis  was  started  which  concentrated  particularly 
on  two  areas: 

1.  the  origin  and  possible  elimination  of  ghost  images, 

and 

2.  the  influence  of  the  control  of  environmental 
parameters  on  the  quality  and  repeatability  of  the  hologram. 

Successfully  completed,  this  study  revealed  the  new 
holographic  ghost  images  were  not  inherent  to  the  hologra¬ 
phic  system  but  were  caused  by  internal  reflections  during 
the  construction  of  the  hologram  and  by  overly  high  values 
in  the  diffraction  efficiency  of  the  holographic  beamsplitter 
Consequently,  these  ghost  images  were  eliminated  by  incor¬ 
porating  a  wet  cell  in  the  hologram  construction  geometry 
and  by  controlling  the  diffraction  efficiency  to  values  not 
higher  than  50  percent. 

The  study  also  indicated  the  need  for  a  clean  room 
environment  for  the  production  of  the  holograDhic  film  and 


holograms  and  the  necessity  for  control  of  temperature  and 
humidity  throughout  their  processing  to  achieve  higher 
quality  and  repeatability.  As  a  result,  new  holographic 
laboratory  facilities  were  built  which  provide  a  clean  room 
environment  of  "10,000"  quality  ("100"  quality  for  film 
coating) ;  humidity  control  to  +1  percent  and  temperature 
control  to  +0.5°C  . 

The  17  inch  holographic  Pancake  Window  program  also  pro¬ 
vided  valuable  information  relative  to  the  capability  and 
performance  of  the  high  power  c.w.  argon  ion  laser  for 
construction  of  the  holograms,  and  the  need  for  monitoring 
the  oscillation  stability  of  the  laser  and  the  vibration 
stability  of  the  holographic  recording  geometry. 

Implementing  the  wet  cell  in  a  previous  project  re¬ 
vealed  difficulties  in  attaining  the  required  stability. 

The  wet  cell,  which  was  to  contain  a  24  inch  by  21.5  inch 
holographic  plate,  was  redesigned  several  times  before  a 
configuration  was  found  which  was  relatively  insensitive 
to  acoustical  and  mechanical  vibration  disturbances.  With 
this  wet  cell,  exposures  of  more  than  20  minutes  duration 
were  achieved  with  good  results. 

This  prior  project  raised  the  problems  of  holographic 
wavelength  bandwidth  response,  wavelengtn  spectral  peak 
positioning  stability,  and  shifting  which  were  not  formally 
considered  before.  The  spectral  response  of  the  hologram 
should  match  the  spectral  response  of  the  illumination 
source  if  a  maximum  transmission  efficiency  in  the  hologra¬ 
phic  Pancake  Window  is  to  be  achieved. 

It  was  found  that  the  holographic  spectral  response 
shifted  with  time  to  lower  wavelengths  (toward  the  blue) 
if  the  hologram  was  not  properly  sealed,  and  it  also  shifted 
with  angles  of  incidence  or  large  f ield-of-view  angles. 

This  spectral  shifting  renders  more  difficult  the  precise 
wavelength  peak  response  positioning  than  is  necessary  if 
narrow  spectral  band  illumination  sources  are  to  be  used. 

Techniques  were  developed  in  which  holographic  wave¬ 
length  peak  response  positioning  was  accomplished  to  +2 
nanometers  (nm) .  The  spectral  response  shifting  with  time 
was  controlled  with  proper  hologram  drying  and  subsequent 
sealing  to  exclude  humidity  with  a  cover  plate  or  by  cemen¬ 
ting  the  hologram  into  the  Pancake  Window  configuration. 

The  spectral  shifting  with  angle  of  incidence  and/or  field- 
of-view  angle,  if  not  possible  to  eliminate,  can  be  ignored 
if  a  wider  spectral  illumination  source  is  used  or  if  the 
shift  is  averaged  with  respect  to  the  peak  of  a  narrow  spec¬ 
tral  band  source.  However,  a  wider  spectral  source  will 
decrease  the  peak  light  transmission. 

♦See  Appendix  A. 
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With  the  new  holographic  facilities,  holographic  films 
were  coated  with  very  good  flatness  and  uniformity.  The  re¬ 
peatability  of  the  entire  holographic  process  became  excel¬ 
lent.  The  environmental  controls  provide  the  necessary 
means  for  holographic  parameter  evaluation  and  process  cal¬ 
ibration.  In  this  program,  the  requirements  for  producing 
holograms  entirely  free  of  cosmetic  defects  were  investiga¬ 
ted  and  some  blemish- free  holograms  were  achieved  experimen¬ 
tally.  These  techniques  were  not  implemented  in  the  final 
product  because  program  limitations  gave  priority  to  more 
meaningful  parameters. 

The  optical  resolution  of  the  holographic  beamsplitter 
mirror  is  excellent  on-axis  but  deteriorates  for  off-axis 
angles  or  large  f ield-of-view  angles.  This  deterioration 
is  not  an  inherent  limitation  of  the  holographic  process 
since  good  off-axis  resolution  could  be  observed  in  selec¬ 
ted  areas  across  the  entire  field  of  view  and  at  the  ex¬ 
treme  angles.  This  problem  was  investigated  but  a  complete 
solution  has  not  as  yet  been  developed. 


Summarizing 

Programs  prior  to  this  project  have  investigated  tech¬ 
nologies  to  produce  holographic  optical  elements,  specif¬ 
ically  holographic  spherical  beamsplitter  mirrors.  Problem 
areas  were  found  which  were  resolved  and  the  holographic 
process  was  developed  to  prove  the  feasibility  and  perform¬ 
ance  of  monochromatic  holographic  beamsplitter  mirrors,  in¬ 
tended  primarily  as  replacements  for  the  classical  spherical 
beamsplitter  glass  mirror  in  the  Pancake  Window  Infinity 
Display  system.  This  replacement  accomplished  a  consider¬ 
able  reduction  in  the  weight  and  should  eventually  reduce 
the  manufacturing  cost  of  visual  simulators  using  the 
Pancake  Window  Display  system. 

The  monochromaticity  or  narrow  spectral  bandwidth  re¬ 
sponse  of  a  monochromatic  holographic  mirror,  although  ac¬ 
ceptable  for  particular  applications,  does  not  provide  a 
full  color  display  capability. 


Project  Scope 

The  goal  of  this  project  is  to  produce  a  holographic 
spherical  beamsplitter  mirror  that  could  be  used  in  the 
Pancake  Window  Display  system  to  provide  a  full  color  re¬ 
sponse  for  visual  simulation. 

Since  monochromaticity  is  a  characteristic  property  of 
this  holographic  mirror,  it  was  decided  not  to  change  it  but 
to  increase  the  spectral  bandwidth  response  by  means  of  a 
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combination  or  couplinq  of  three  single  monochromatic  holo- 
qraphic  mirrors. 

These  throe  monochromatic  holograms,  one  peaking  in  the 
blue,  another  in  the  green,  and  another  in  the  red,  are 
equally  spaced  under  the  photopeak  spectral  visual  distribu¬ 
tions.  The  spacing  is  such  that  the  sum  of  the  three  mono¬ 
chromatic  spectral  distributions  provides  maximum  spectral 
coverage  without  producing  detectable  crosstalk  between  them. 

The  holograms  could  theoretically  be  manufactured  in 
ttie  same  holographic  film  or  as  separate  holograms.  The 
approach  followed  in  this  project  was  to  manufacture  a) 
a  blue  hologram  using  the  488. 8nm  laser  line  of  an  argon  laser 
with  a  spectral  response  peak  at  488nm  and  with  a  spectral 
half-height  bandwidth  of  30nm;  b)  a  green  hologram  using 
the  514nm  line  of  an  arcion  laser,  with  a  spectral  response 
peak  at  550nm  and  with  a  half-height  bandwidth  of  30nm;  c) 
a  red  hologram  using  either  the  514nm  line  of  the  argon  ion 
laser  or  the  647nm  line  of  the  krypton  laser,  with  a  spec¬ 
tral  response  peak  at  620nm  and  with  a  half-height  band¬ 
width  of  30nm  (Figure  5) . 

These  holoqrams  were  to  be  assembled  preferably  with 
the  three  holographic  films  at  the  same  plane,  and  con¬ 
sequently,  they  would  have  identical  focal  lengths  to 
form  the  composite  holographic  beamsplitter  mirror. 

The  assembly  of  the  holoqraphic  films  at  the  same  plane 
was  to  be  accomplished  by  a  film  transfer  technique  in  which 
one  of  the  films  is  "peeled"  from  its  glass  substrate  and 
optically  cemented  to  one  of  the  other  two  holograms. 

Finally,  the  hologram  with  the  two  films  and  the  hologram 
with  the  single  film  were  to  be  cemented  together  film-to- 
f i  lm  (Figure  6 )  . 

The  focal  length  of  each  holoqraphic  mirror  is  a  func¬ 
tion  of  the  construction  geometry  (Figure  3)  and  of  its 
spectral  response. 

Since  it  "reflects"  by  diffraction,  these  parameters 
arc  related  by: 

f  = 

where : 

f  =  Focal  length  of  the  holographic  mirror  for  the 
illuminating  wavelength. 

Rr  =  Radius  of  curvature  of  the  holographic  mirror 
for  the  illuminating  wavelength. 

Re  =  Radius  of  curvature  or  the  holographic  mirror 
for  the  construction  or  laser  wavelength.  Also  distance 
!>••*  ween  the  spatial  f  liter  and  holographic  plate  in  the 
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FIGURE  5.  TRICOLOR  HOLOGRAM  DESIGN  SPECTRAL 
VALUES,  RESPONSE  AND  LASER  LINES 


const ruct  ion  ceomot ry . 

X  c  =  Wave length  used  durimi  the  construction  of  the 
holoqrain  or  laser  wavelength. 

X  r  =  Wavelenqth  used  in  viewinq  the  hoi oq ram  or 
spectral  wavelength  peak  response  of  the  holographic  mirror 

A  variation  in  the  spectral  response  will  cause  a  vari 
ation  in  the  focal  lenctth  of  the  monoch roma tic  mirror  and 
a  mismatch  with  the  others  in  the  composite  mirror.  Con¬ 
sequently,  the  positioning  r.f  the  spectral  response  peak 
and  the  control  of  the  suoctral  respor.se  shifting  are  fund¬ 
amental  in  this  project. 

The  production  of  a  holographic  beamsplitter  with  a 
red  response  had  been  previously  accomol ished  but  not  by 
design.  The  controlled  production  of  a  red  response  holo¬ 
graphic  beamsplitter  was  also  a  specific  task  of  this  pro¬ 
ject  .  (Holograms  designed  to  have  a  response  in  the  croon 
had  been  previously  obtained  with  an  unwanted  red  response, 
probably  due  to  a  faulty  procuration  of  the1  volutin  film.) 
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SECTION  II 


INVESTIGATION  AND  DEVELOPMENT  OF  HOLOGRAPHIC 
MIRROR  RESOLUTION  AND  SPECTRAL  RESPONSE  CONTROL 


This  project  encompassed  the  fabrication  of  a  tricolor 
holographic  mirror  as  a  composite  of  three  monochromatic 
holographic  mirrors  and  the  evaluation  of  its  performance. 

The  production  of  a  blue  and  a  green  hologram  has 
already  been  accomplished  but  further  development  was  nec¬ 
essary  in  the  areas  of  holographic  mirror  resolution  and 
in  controlling  the  spectral  response  of  these  holograms. 
These  holograms  should  spectrally  peak  at  a  specific  wave¬ 
length  and  not  shift  or  change  their  spectral  response.  The 
tolerances  are  small  since  a  change  in  the  spectral  response 
will  cause  a  change  in  the  focal  change  of  the  monochro¬ 
matic  holographic  mirror  and  consequently,  a  mismatch  of 
this  mirror  (in  focal  length)  in  the  tricolor  composite 
mirror . 

The  optical  resolution  of  the  holographic  mirror  de¬ 
teriorates,  generally,  but  not  always,  with  off-axis  angles 
or  large  f ield-of-view  angles.  Experimental  data  seem 
to  indicate  this  deterioration  is  principally  caused  by 
defects  in  the  hologram  itself  and  not  by  a  limitation  in 
the  holographic  geometry  (holographic  optical  aberrations) 
or  in  the  holographic  basic  process. 

Several  theories  have  been  formulated  and  investigated 
to  find  a  solution  for  these  problems. 


Resolution  Improvement 

The  optical  resolution  in  the  monochromatic  (blue  and 
green)  holographic  spherical  beamsplitter  mirrors  had  the 
following  characteristics: 

1.  On-axis  resolution  is  as  good  as  1  minute  of  arc. 

2.  Off-axis  resolution  does  not  generally  deterior¬ 
ate  if  the  eye  position  is  shifted  so  that  the  line-of- 
sight  passes  through  the  center  of  the  mirror  for  any 
viewing  angle. 
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i  3.  Off-axis  resolution  generally  deteriorates  with 

increased  angles  when  viewed  from  the  center  of  the  exit 
pupil . 

4.  In  selected  areas  across  the  entire  field  of  view, 
the  resolution  is  as  good  as  that  on-axis  for  specific 
viewing  angles  and  head  positions  not  necessarily  in  the 
"pupil"  volume. 

5.  In  select  areas,  and  even  at  the  extreme  field-of- 
view  angles,  the  resolution  is  as  good  as  that  on-axis  when 
viewed  from  the  "pupil"  volume. 

6.  Areas  of  bad  resolution  (and  good  resolution)  seem 
to  be  associated  with  an  "optical  texture"  of  the  hologra¬ 
phic  film. 

Five  hypotheses  were  considered  to  analyze  this 
problem: 


1.  Angles  of  holographic  reconstruction  depart 
greatly  from  angles  of  holographic  construction  (Bragg 
angle)  . 

Because  of  the  discontinuity  in  the  deterioration 
of  the  resolution,  this  hypothesis  assumes  the  possibility 
of  an  aspher:.sing  effect  caused  by  distortion  of  the  planes 
of  diffraction  in  the  good  resolution  areas. 

2.  The  holographic  film,  in  the  swelling  process, 
distorts  the  planes  of  diffraction  in  a  random  manner  most 
likely  associated  with  cosmetic  defects  and  variations  in 
the  physical  characteristics  of  the  films. 

3.  The  holographic  film,  in  the  swelling  process,  is 
affected  by  a  radially  directed  strain  which  will  deform 
the  planes  of  diffraction. 

4.  The  holographic  film  is  not  uniformly  hardened 
and  during  the  holographic  process  some  areas  on  the  film 
are  distorted  or  will  have  different  holographic  responses. 

5.  Non-uniformities  of  the  illumination  during  the 
construction  (exposure)  of  the  holograms  could  produce  dif¬ 
ferent  hardness  on  particular  areas  of  the  gelatin  film. 

Four  experiments  were  conducted: 

a.  Holograms  were  produced  with  different  geometries. 
Different  holographic  spherical  mirrors,  paraboloids,  el¬ 
lipsoids  and  spheroids  were  made  and  compared  for  optical 
resolution . 

The  gross  change  in  resolution  from  area  to  area 
in  the  holographic  film  was  observable  in  all  the  mirrors 
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and  no  specific  improvement  could  be  related  to  a  particular 
geometry.  No  distortion  related  to  a  particular  geometry 
or  to  an  aspherising  effect  was  observed.  The  changes  in 
the  geometry  were  produced  by  varying  the  distance  between 
spatial  filter  and  aluminized  master  mirror  from  the  focus 
of  the  mirror  (to  produce  a  parabola) ,  to  a  distance  be¬ 
tween  the  focus  and  the  center  of  curvature  (to  produce  an 
ellipse)  to  a  distance  equal  to  the  center  of  curvature  (to 
produce  a  sphere)  and  to  a  distance  greater  than  the  radius 
of  curvature  (to  produce  again  an  ellipse) .  Holograms  were 
also  produced  distorting  the  illumination  wavefront  slightly 
with  a  cylindrical  lens. 

b.  A  large  number  of  holograms  produced  before  this 
contract  were  analyzed  for  common  characteristics  related 
to  resolution  or  the  lack  of  resolution.  It  was  recognized 
that  old  gelatins  and  old  photosensitized  gelatins  gave 
better  hologram  resolution,  that  slow-dried  gelatins  gave 
better  resolution  than  fast-dried  gelatins;  and  that  those 
gelatins  requiring  chemical  hardening  to  remove  scattering 
due  to  gelatin  cracking  had  better  resolution  than  those 
gelatins  not  subject  to  chemical  hardening  (Table  1) . 

A  unique  characteristic  of  each  of  these  gelatins 
having  superior  resolution  was  their  relative  hardness.  A 
gelatin's  age,  whether  photosensitized  or  not,  will  affect 
its  hardness5;  a  2-month-old  gel  will  have  more  rigidity 
than  one  that  is  a  day  old.  An  old  photosensitized  gelatin 
will  have  been  subjected  to  a  dark  reaction,  hardening  the 
gelatin  and  lowering  its  sensitivity  to  light.  Those  gel¬ 
atins  dried  slowly  are  harder  than  those  dried  quickly  due 
to  a  longer  period  of  a  gelation  allowing  more  crosslinks 
to  be  formed  between  gelatin  molecules.  A  chemical  hard¬ 
ener,  e.g.  bisulfate,  will  react  with  the  ammonium  dichro¬ 
mate  sensitizing  dye  to  also  form  crosslinks. 

Any  or  all  of  these  processes  will  yield  a  harder  gel¬ 
atin  and  a  hologram  with  better  resolution  due  to  gelatin 
integrity  not  allowing  the  planes  of  diffraction  to  deform. 

To  prove  this,  the  gelatins  for  subsequent  holograms  were 
prehardened.  This  resulted  in  better  resolution  in  those 
holograms  but  lower  emulsion  sensitivity  to  light.  (There 
is  a  trade  off  between  gelatin  hardness  and  plate  sensitivity.) 

It  has  not  as  yet  been  determined  in  which  steps  of 
the  holographic  process  the  film  needs  to  be  further  hard¬ 
ened  or  it  a  new  film  formulation  will  be  required.  Also, 
it  has  not  yet  been  proven  that  the  hardening  parameter  is 
the  single  cause  for  the  deterioration  of  the  resolution. 

c.  To  study  the  possible  effects  of  radial  strain  and 
deformation  of  large  plates  during  the  swelling  of  the  film, 
the  film  in  the  large  size  holograms  was  cut  in  successive 
circles  from  the  center  of  the  plate  outward.  Radial  cuts 


TABLE  1  -  RELATIVE  RESOLUTION  VS. 
GELATIN  HARDENERS 


Holograms 

Relative 

Resolution 

Produced  in/with 

Poorer 

Aged  gelatins 

X 

Aged  photosensi¬ 
tized  gelatins 

X 

New  Gelatins 

X 

Fast  Dried  Gelatins 

X 

Slow  Dried  Gelatins 

X 

Chemical  after 
hardening 

X 

Chemical  pre-har¬ 
dening 

X 

No  Chemical  hardening 

X 
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crossing  tho  circles  wore  also  made. 


These  holoqrams  were  exposed  and  processed  together 
with  other  holoqrams  with  similar  film  characteristics  but 
without  being  cut.  The  comparison  of  these  holoqrams  pro¬ 
duced  no  evidence  of  strain  or  deformation  caused  by  ra¬ 
dial  forces  durina  the  swelling  of  the  film.  Nor  was  there 
any  improvement  in  resolution  correlated  with  the  holoqrams 
on  film  which  had  been  cut. 

In  a  similar  experiment,  small  holoqrams  were  simul¬ 
taneously  exposed  side  by  side  simulatinq  a  large  size  holo¬ 
gram.  The  comparison  of  this  composite  hologram,  after  pro¬ 
cessing,  with  a  large  hologram  revealed  no  significant 
di f  ference . 

d.  To  produce  a  uniform  illumination,  soecial  optics 
for  expanding  the  laser  beam  were  designed  and  manufactured. 
These  optics  consist  of  a  Galilean  telescope  which  will  col¬ 
limate  an  expanded  laser  beam,  transmitting  only  the  most 
uniform  part  of  the  beam's  Gaussian  intensity  distribution, 
with  a  variation  not  greater  than  SO  percent  from  the  center 
to  the  edge.  This  telescope  will  also  minimize  later  dis¬ 
placement  (of  the  focused  laser  beam)  associated  with  dif¬ 
ferent  modes  of  laser  oscillation. 

The  implementation  of  these  optics  improved  the  quality 
of-  the  holograms  and  the  resolution  but  is  not  the  complete 
solution  of  the  problems. 

It  is  generally  concluded  that  the  hardness  parameter 
is  most  closely  related  to  resolution  and  that  its  com¬ 
plete  control  could  solve  the  resolution  problem.  However, 
a  process  which  totally  eliminates  the'  resolution  deteri¬ 
oration  has  not  yet  been  found  or  formulated.  Tho  improve¬ 
ment  achieved  thus  far  is  notable,  and  it  executed  that 
additional  development  work  will  achieve  a  cor:  >  let e  solution 
of  the  problem. 


Spectral  Response  Control 


To  be>  successful  in  the  production  of  the-  t:  i.'<  !  1 
hologram,  the  spectral  response  of  each  of  the  ♦  hr-  •.  r  e  - 
chromatic  holograms  must  be  controlled.  Tho  following  r>  - 
qui remen ts  anply: 

1 .  The  monochromatic  hologram  sh-'-.i ! .  i  •  *  . .  *:< 

designed  wavelength  and  should  peak  at  i  ’.>.:•••  1  •  noth  -• 
responding  to  the  focal  length  calewla'.-o  w  i  *  :  i  '  ;■  «•«  -•  s  •  i  •  •- 

t  i  on  goomotrv.  The'  wavelength  peak  :  ;  t  ion.  te-1  ri-ua 

should  be  better  than  +2nm. 

2.  The  position  of  the  monoch romat i c  hologram  spectral 


response  peak  shou  1  d  he  stable.'  arid  no  wavelength  shift  will 
be  allowable. 

3.  The  wavelength  shift  with  angles  of  incidence  and 
field  angles  should  not  product'  a  chance  in  the  focal  lenqth 
with  different  values  for  each  mirror. 

To  test  and  further  development  the  posit ionina 
of  the  wavelenqth  response  peak,  the  followina  areas  were 
investigated : 

1.  Film  hardness:  It  was  established  that  the  hard¬ 

ness  of  the  film  will  determine  the  final  stable  position 
of  the  hologram  response.  Those  holograms  whose  gelatins 
were  harder  due  to  chemical  hardenine  after  exposure  had 

a  lower  peak  wavelength  response  than  those  riot  chemically 
hardened  (Figure  7). 

2.  Use  of  plasticizers:  If  the  hologram  was  processed 

with  triethanolamine  or  some  other  plasticizer  was  incor¬ 
porated  in  the  gelatin,  then  the  gelatin's  final  state  will 
be  swollen  beyond  its  normal  thickness  causing  a  larger 
separation  of  the  planes  of  diffraction.  This  increased 
separation  will  cause  the  peak  wavelenqth  response  to  bo 
displaced  to  a  longer  wavelength  (Figure  R). 

3.  Effect  of  water  retention  of  gelatin:  It  was  seen 
that  if  the  aelatin  was  exposed  less  than  24  hours  after 
photosensitization,  the  final  peak,  wavelength  response  would 
be  lower  than  if  the  gelatin  was  exposed  some  longer  time, 
e.g.  20  days,  after  photosens  it i zat ion .  This  drying  out 

of  the  gelatin  will  cause  the  peak  wavelength  response  to 
be  approximately  20nm  higher  than  if  the  gelatin  were  not 
allowed  to  dry  out.  The  water  content  of  the  gelatin  film 
as  a  function  of  the  environmental  humidity  in  the  drying 
and  storage  of  the  film  before  it  is  exposed,  has  a  notice¬ 
able  effect  in  the  position  of  the  spectral  peak  (Figure  c) )  . 

To  achieve  a  hologram  whoso  peak  wavelength  response 
would  not  shift  over  long  periods  of  time,  the  following 
areas  were  invest iaated : 

1.  Effect  of  drying  speed  on  spectral  shift:  Holo¬ 
grams  were  dried  at.  various  rates  after  processing  by  ad¬ 
justing  the  environment  with  regard  to  relative  humidity 
and  temperature .  It  was  found  that  regardless  of  rate'  of 
drying,  the  holograms  reached  a  specific  peak  wavelength 
response.  This  peak  response  was  only  a  factor  of  gelatin 
processing  prior  to  or  after  exposure.  A  hologram  dried  in 
a  high-temperature  low-humidity  environment,  10  "C  and  20 
percent  relative  humidity  (R.H.),  would  reach  a  stable  peak 
wavelenqth  response  in  approximate ly  one  day,  wh i le  a  holo¬ 
gram  dried  slowly  at  a  higher  relative  humidity,  e.u.  41 
percent  relative  humidity,  would  shift  slowly  over 
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WAVELENGTH,  NM 

ADDITION  OF  PLASTICIZERS  Vs.  SPECTRAL  RESPONSE  PEAK 

CONSTRUCTION  WAVELENGTH  AT  514 

SCALE  Or  ADDITION  OF  PLAST IC I ZFRS :  ZERO  FOR  NO 
PLASTICIZERS  AND  1  FOR  LOSS  OF  ADHESION  OF  THE 
FILM  TO  THE  SUBSTRATE. 


approximately  two  weeks  to  the  same  final  ueak  wavelennth 
response  (Ficuire  10). 

2.  Effect  of  relative  humidity  on  holociram:  It  was 
found  that  a  holooram's  peak  snectral  response,  if  it  is 
not  sealed,  would  vary  from  its  final  "stable"  position 
depending  on  either  water  absorption  or  dehydration  due  to 
its  surrounding  environment.  The  amount  of  shift  was  re¬ 
lated  to  the  hardness  of  the  qelatin  since  water  absorption 
is  dependent  of  qelatin  hardness.  For  example,  a  plate  re¬ 
moved  from  an  environment  of  35°C  and  20  percent  R.H.  and 
placed  in  an  environment  of  22°C  and  30  percent  R.H.  showed 
a  peak  wavelenoth  response  increase  from  537nm  to  544nm, 
(Fiqure  11) . 

3.  Effect  of  sealina  the  holoqram  with  various  cements 
on  final  neak  wavelenoth  response  and  shift  sneed:  Holo- 
arams  which  had  reached  their  stable  spectral  response  and 
were  then  sealed  with  a  layer  of  cement,  or  cement  and  a 
cover  qlass,  remained  at  that  peak  spectral  response.  If 
the  hologram  had  not  been  properly  dehydrated  and  was 
sealed,  a  shift  in  wavelenoth  would  occur  very  slowly  to 
some  final  wavelenoth  response.  This  shiftinq  may  take 

six  months,  for  example,  dependino  only  on  how  dehydrated 
the  qelatin  is  when  it  is  sealed.  The  amount  of  shifting 
which  will  occur  cannot  be  accurately  predicted,  so  holograms 
should  be  sealed  only  after  they  reach  their  stable  peak 
wavelenoth  response  (Fiqure  10). 

The  cements  used  were  a  nottino  compound,  a  polyester 
castina  resin,  and  two  nart  eooxv. 

In  order  to  determine  the  shi ft  of  the  wave length 
response  peak  wi th  field-of-view  angles ,  holograms  were 
measured  with  spectral  responses  in  the  blue,  in  the  green 
and  in  the  red. 

The  holographic  wavelength  shift  with  respect  to  field 
ancles  seems  to  bo  independent  of  the  spectral  response 
peak  and  only  dependent  on  the  value  of  the  ancle.  This 
result  is  not  totally  conclusive  since  inconsistencies  have 
been  noted  which  have  not  yet  been  completely  analyzed 
(Fiqure  12 ) . 

The  wavelength  shift  (even  independent  of  the  hologram 
response)  will  affect  the  focal  length  of  each  hologram 
with  factors  which  are  dependent  on  the  const  ruction-recon¬ 
struction  wavelengths  ratio.  This  problem  also  has  not  yet 
been  completely  analyzed. 
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had  already  been  invest  iqated  by  other  researchers J ,  the  ex¬ 
pected  results  for  this  particular  holographic  geometry  we re 
comp lete ly  uncertain . 

Note  that  a  ruby  laser  or"  a  yttrium  aluminum  qarnet  laser 
could  also  be  used  to  produce  a  red  hologram.  These  are 
pulsed  lasers  which  ideally  would  be  more  desirable  if  they 
have  the  power  required  to  expose  the  relatively  slow  am¬ 
monium  dichromate  ere  1  at  i  n  films.  Considerinq  the  power  of 
a  commercially  available  ruby  laser  at  10  joules  (J) /pulse 
and  considerinq  sinnle  pulse  exposures,  because  of  coherence 
requirements,  the  available  total  enemy  for  exposure  of 
the  plates  would  be  120  times  qreator  with  a  c.w.  krypton 
laser  (2  watt  (K)  useful  power)  for  an  exuosure  duration 
of  10  minutes.  (Irradiated  energy  on  the  film  in  joules 
(J)  =  power  in  watts  (W)  x  exposure  duration  in  seconds  (t), 
so  that  for  the  c.w.  krypton  laser,  2  watts  x  600  seconds  = 
1200  joules  compared  to  the  single  pulse  10  joules  of  the 
pulsed  lasers. 


Construction  of  the  Red  Hologram  with  the  Argon  Ion  Laser 

Initial  Results.  Experiments  were  carried  out  to  in¬ 
vestigate  the  increase  in  the  amount  of  swelling  in  a  holo¬ 
graphic  film  when  plasticizers  were  added  in  the  developir.a 
process.  This  additional  amount  of  swelling  could  pro¬ 
duce  a  permanent  magnification  in  the  separation  of  the 
planes  of  diffraction  and  consequently  a  higher  wavelength 
spectral  response  (toward  the  red  if  constructed  in  the 
creen)  . 


Holographic  plates  wore  exposed  with  the  514nm  line  of 
the  argon  ion  laser  and  developed  with  the  addition,  of  a 
plasticizer  (triethanolamine;  treatment.  The  ho  1  oomph i c 
response  shifted  to  the  red  and  seemed  initially  to  be  stable. 
Home  of  the  plates  were  sealed  with  a  a’,  ass  ‘••over  elate  and 
all  were  measured  at  intervals  of  tire  *-n  do?  ec*-  .cry  :•  s- 
sible  wavelength  shi f ting  *  r  instability. 

It  was  found  that  the  plates  that  were  sealed  remained 
in  the  red  and  shifted  only  a  few  nanometers  but  the  un¬ 
sealed  ho  1 ograms  shifted  after  a  few  weeks  to  the  yellow- 
nroen  region  of  the  spectrum. 

The  most  unexpected  problem  war  ? he  i nab i  lit y  to  re¬ 
peat  the  above  results,  once  the  exist i pa  stock  of  pre¬ 
viously  coated  eel  at  in  films  was  exhausted .  The  hoi o« rams 
produced  with  freshly  coated  qo 1  at  in  fi  1  ms  shi f tod  to  the 
red  when  treated  with  t riet hauol arm  ir  ,  but  the  spectral  re¬ 
sponse  shifted  back  to  a  y  >  •  1  1  ow-n  r<  •<  n  spectral  reoi on  in 
a  t  i  pie  period  <  .  hours,  i-ven  when  o  v  :  1 1  <  •<  i  with  a  cover 
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Those  result  lurecd  a  re-evaluation  of  the  problem 
and  experiments  were  planned  to  investigate  the  parameters 
which  miaht  be  influential  in  the;  construction  of  the  red 
iu' lea  ran'  wit!,  the  irnnn  i  on  laser.  Also  investigated  was 
*  iie  const  fur'  ion  < •  ;  t  he  red  hologram  with  the  krypton  or 
other  r* ■d.-e;;- i  1  t  i  n. :  I  isers. 


1  r.ves t  1  -  it  m  .  ■  •:  far  tmeters 

hx;  e  r  i  ::  i  n  ■  were  conducted  to  determine  the  effect  of 
the  various  parameters  on  the  spectral  shift  from  a  1 4nn  of 
the  const  ruct it  -n  aeometry  to  the  620nm  desired  wave lone th 
holographic  rorons  t  ruct  ion  response,  and  also  on  the  sta¬ 
bility,  with  time,  of  the  spectral  response. 

1 .  Kffect  of  aqino  of  the  gelatin  film :  In  the  at¬ 
tempt  to  repeat  the  initial  results  in  obtainina  a  red 
hologram  with  the  argon  laser,  the  parameters  in  the  holo¬ 
graphic  process  were  identically  repeated.  One  parameter, 
the  crelatin  film,  could  not  be  repeated  because  the  old 
stock  of  films  was  depleted,  and  new,  freshly-coated  ma¬ 
terial  had  to  be  used.  To  investigate  the  effect  of  old 
vs.  newly  coated  films,  gelatin  films  were  aaed  by  an  ar¬ 
tificial  process  and  by  a  natural  process.  In  the  arti¬ 
ficial  process  the  gelatin  films  were  baked  and  cooled  for 
several  cycles.  In  the  natural  process  the  films  were 
stored  for  a  period  of  4  months. 

The  results  show  no  direct  correlation  between  the 
acre  of  the  film  and  the  capability  of  the  hologram  to  main¬ 
tain  red  response.  All  of  the  holograms  shifted  back  from 
the  red  to  the  qreen  in  a  matter  of  hours. 

2.  Effect  of  exposure  energy:  Holooraphic  plates 
were  exposed  with  different  energies,  from  ] OmJ /cm  to 
2rvT/fcm‘" ,  and  the  plates  wore  developed  and  swelled  usinn 
triethanolamine . 

The  very- low  exposure  plates  produced  holograms 
with  weak  signal  and/or  too  much  scattering  due  to  retic¬ 
ulation  of  the  aelatin  film  durinq  dryino.  The  plates  with 
large  scattering  had  a  red  response  which  was  relatively 
stable.  2T^e  holograms  exposed  with  densities  greater  than 
200mJ/cm  produced  red  holograms  which  shifted  back  to  the 
qreen.  The  higher  the  exposure  energy,  the  faster  the  shift 
back.  The  speed  of  shifting  was  constant  above  SOQmJ/cm^ 
(less  than  one  hour) (Figure  13). 

3.  Effect  of  nlastici/ers  and  hardeners:  To  verify 

a  possible  beneficial  action  in  the  swell  inn  of  the  gelatin 
film  with  the  addition  of  olasf icizers  and  hardeners,  ex¬ 
periments  wore  carried  out  with  different  formulations.  The 


plasticizers  used  were  triethanolamine,  glycerol ,  and  ethy¬ 
lene  glycol  and  they  were  added  to  the  qelatin  solution  be¬ 
fore  the  film  was  coated  and  during  other  steps  in  the  holo¬ 
graphic  process.  The  concentrations  were  also  ”aried. 

The  hardeners  used  were  formaldehyde  sodium  bisulfate, 
sodium  meta-bisulfite,  methanol,  and  Kodak  Rapid  rixer. 

The  formaldehyde  was  added  to  the  gelatin  solution  before 
the  film  was  coated  and  the  other  hardeners  were  used  in  har¬ 
dening  baths  at  different  steps  during  the  holographic  pro¬ 
cess.  Besides  the  chemical  hardeners,  the  films  were  also 
hardened  by  bakinq  them  before  photosensitization. 


The  results  show  a  general  tendency  of  the  plates  to 
respond  in  the  red  when  plasticizers  were  used  and  to  re¬ 
spond  in  the  green  when  hardeners  were  used.  The  plasti¬ 
cizer  caused  the  film  to  reticulate  or  to  exhibit  very  non- 
uniform  characteristics.  The  hardeners  produced  very  uni¬ 
form  films,  relatively  low  diffraction  efficiencies  and  a 
spectral  response  very  close  to  the  construction  wavelength 
(Table  2 ) . 


4.  Effects  of  various  gelatins:  Gelatin  films  were 
coated  and  processed  usina  pure  gelatins  of  different  types. 
The  concentration  of  gelatins  was  at  a  maximum  when  the 
gelatin  coated  at  30cC  gelled  as  soon  as  it  was  spread  on 
the  glass  plate  with  a  thickness  of  .5  cubic  centimeter 
(cc)  per  square  inch.  The  minimum  concentration  was  the 
maximum  concentration  diluted  four  times  with  distilled 
water.  Several  gelatins  were  used  with  different  bloom  val¬ 
ues  and  acid  or  alkaline  processed. 

The  holonrams  produced  with  these  gelatins  pre¬ 
sented  different  characteristics  and  did  not  give  any  pos¬ 
itive  solution  for  the  red  response.  Considerable  effort 
was  expended  in  maximizing  the  formulation  of  each  gelatin 
to  improve  adhesion  to  the  substrate,  hardness,  sensitivity, 
swelling,  etc.,  but  in  general,  not  one  of  these  gelatin 
formulations  could  produce  better  results  than  the  stan¬ 
dard  gelatin  formulations  which  are  routinely  used  for  • he 
production  of  the  holographic  films  (Table  3). 


5.  Effect  of  gelatin  thickness:  The  standard  gela 
formulation  was  also  coated  in  various  thicknesses  corre 
ponding  to20.25,  0.5,  2  and  4  times  the  standard  thicknc 
of  . 5cc/in  .  It  was  difficult  to  remove  the  photosensit 
zing  dye  from  the  heaviest  thickness  but  this  was  the  on 
which  produced  better  and  more  stable  red  response  holo¬ 
grams.  Attempts  to. lower  the  concentration  of  the  dye  and 
to  prolong  the  washinq  time  were  not  successful,  and  a  g 
red  response  was  incompatible  with  a  clear  plate  and  ac¬ 
ceptable  diffraction  efficiency  (Figure  14). 
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TABLE  2  -  EFFECT  OF  PLASTICIZERS  AND  HARDENERS  ON  THE  PEAK  RESPONSE  WAVE I. ENOW 


1 

j  Plasticizers 

B 

=  Added  Before'  Exposure 

Response 

- - - - - - - 

Ha rdoners 

b 

=  Used  Before  Exposure 

Peak 

Remark s 

• 

A 

=  Used  After  Exposure 

Wave  1  oimtli 

i 

i  Triethanolamine 

B 

10  .:  by  wt . 

Red 

1  i  i  < ;  i  i  Sc  a  t  - 
terinc 

A 

1  31 

Yellow 

Good 

Glycerol 

B 

201  to  80'  by  wt . 

Green-Yellow 

Good 

Ethylene  Glycol 

B 

20  to  80  solution 

Green -Yellow 

Good 

Fo  nr  a  1  dehvde 
‘ 

B 

20  to  80'  by  wt  . 

Green 

Low  D i f- 
f  racf ion 

A 

40  solution 

Green 

Norma  1 

Methane  1 

b 

LOO?  pure 

Film  Fog  cpd 

A 

100  pure 

Green 

Low  Dif¬ 
fract  i  or. 

Kodak  Rapid 

b 

Green 

Low  Di f- 

Fixer 

f  ract ion 

i 

A 

Standard 

Green 

No  Effect 

i 

Sodium  Bi- 
sul  fate 

A 

11  solution 

Green 

Sodium  Bi-  \ 
sulfate 

A 

1  solution 

Green 

and  * 

Ammon i urn 

Di chromate 

1'  solution 

Green 

*T r  iethu.nolamine 

*Ch romi  tin 

Su 1  fat  e 

A 

131/2.5?  to  10'  sol. 

Green 

T  r  i  e  t a  no  1  .im  i  no 

Chromium 
Pot  as  sitin' 
Sul  fate 

A 

1  3"  '2 . 5‘;  to  10  sol. 

Green 

"i  r  i  <  •  Lane  lar.ino 

Aluminum 

Su r  face 

Sul  fate 

A 

131  to  26  sol. 

Red 

Scat  tt  ri r. cf 

Const  met  ion  wave  length  at  N14nm 

R  A.hR-<!  B  pr(irf  Ex;  ><  \s  u  re  :  Ch»'niira1  added  to  the  r.c  1  at  in  solution  before 

pinto  was  coated. 

h  Used  Before  Exposure :  F i 1  nt  immersed  in  the  chemical  solution 
A-  i;s«>d  After  Exposure:  Film  immersed  in  the  chemical  solution 

* The  hardener  solution  used  after  the  pi  ast ioi  ,vr  solution. 
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.RLE  3  -  GELATINS 


Type  j 

_ 

Characteristics 

i 

1099  -  Calfskin  | 

Iso. 4. 7;  Strength  297 

5247  -  Pigskin  j 

Iso. 5;  Strength  399 

G-8  | 

275  Bloom 

G-9 

100  Bloom 

15  CP  Neutral 


WAVELENGTH,  NM 


WAVELENGTH  PEAK  RESPONSE  Vs.  THICKNESS  OF  GELATINE 

CONSTRUCTION  WAVELENGTH  M4 

SCALE  N  '30  MICRONS  •  STANDARD  THICKNESS 


6.  Effects  of  the  photosens i t izat ion  process:  The 
concentration  of  ammonium  dichromate  appears  to  have  no 
effect  on  the  spectral  response,  while  the  dryness  of  the 
film  (when  exposed  after  photosensitization)  seems  to  have 
a  stronq  effect.  Plates  which  were  photosensitized  and 
dried  in  a  hiqh  humidity  atmosphere  all  have  a  stable  red 
response  but  also  reticulated  and  have  excessive  scattering. 
Plates  which  were  photosensitized  and  dried  in  a  dry  air 
atmosphere  responded  spectrally  in  the  qreen  and  did  not 
exhibit  scattering. 

Attempts  to  reduce  the  scattering  in  the  red  holograms 
were  partially  successful  in  the  sense  that  the  scattering 
was  eliminated  but  the  plates  showed  a  nonuniform  response 
with  different  areas  spectrally  responding  in  the  red, 
green,  yellow,  etc. 

The  red  response  associated  with  high  humidity  in  the 
drying  of  the  photosensitized  plate  was  correlated  with 
holograms  produced  in  the  past,  which  after  more  than  3  years 
still  showed  a  qood  red  spectral  response  but  also  exhib¬ 
ited  scattering  and  nonuniformities.  These  early  red  re¬ 
sponse  holograms  probably  resulted  from  a  lack  of  environ¬ 
mental  controls  during  that  stage  of  this  development. 

7.  Effect  of  sealing  the  hologram:  An  investigation 
was  made  into  the  possibility  of  "freez’ing"  or  stopping 
the  shift  back  from  the  red  to  the  green  by  cementing  the 
hologram  using  a  sealer  or  a  coverplate.  Various  types 

of  adhesives  and  sealers  were  used:  spray  sealer,  one  part 
adhesive,  fast  setting  epoxies,  and  slow  setting  epoxies. 

In  general,  the  holograms  shifted  back,  but  a  few  nanome¬ 
ters  less  than  the  holograms  that  were  not  sealed  or  cemen¬ 
ted.  Although  all  of  these  sealers  and  cements  have  low 
water  absorption  characteristics,  they  cannot  be  considered 
as  perfect  water  barriers  (Table  4). 

8 .  Effect  of  hardeners  after  the  gelatin  films  have 
been  swelled:  A  dichromate  gelatin,  reflection  volume- 
phase  type  hologram  constructed  with  the  S14  line  of  a 
argon  laser  will  normally  start  diffracting  at  higher  spec¬ 
tral  wavelengths  (yellow-red)  while  it  is  drying  and  this 
response  will  become  greener  as  the  holoqram  dries.  The 
"natural  stopping"  position  of  the  spectral  response  peak 
is  related  to  the  construction  processing  and  gelatin 
parameters.  Also,  the  more  the  hologram  swells  or  is 
forced  to  swell  with  swelling  aqents,  the  hioher  the  wave¬ 
length  or  the  stronger  the  response  the  hologram  will  have 
initially  in  the  red.  Ideally  if  the  hologram  could  be 
"frozen"  in  this  swollen  state,  a  permanent  rod  response 
could  be  obtained.  The  attempts  that  were  made  at  sealing 
or  cementing  the  holograms  in  that  state  were  not  success¬ 
ful.  Another  alternative  was  to  harden  the  holoqram  in 


TAI’I.F  4 


TAl’I.F  4  -  HO  poo,  RAM 

S FAFF PS 

SEALER 

TYPE 

REMARKS 

"A"  Cement 

Pott  inn  Compound 

Good  when  used  with  a  cover 
glass.  Frosted  finish  when 
coated  by  gravity  w/out 
cover 

"B"  NL410 

_ 

Polyester 

Coating 

Resin 

Same  as  "A"  Cement  above 

"C"  2  ton 
clear  cement 

2  part  slow 
setting  epoxv 

Difficult  tc  work  with; 
viscosity  causes  tramped 
air  bubbles 

Invisible 

Armor 

Polyurethane 

Sealer 

Frosted  finish  unacceptable 
not  used  with  cover  glass 

Col lodian 

Oranne  Peel  occurred;  not 
used  with  cover  alass 

Kry 1  on 

Clear 

Aery  lie 

Snrav  Coatinn 

Frosted  Finish  unacceptable 

Lable 

G 1  a  z  a 

P 1 ast ic  Glaze 

Di^ficult  to  attain  a  flat 
uniform  coatinn 

E-pnx-E  1 

2  nart  fast 
sett  inn  epoxy 

Difficult  to  work  with; 
viscosity  causes  trammed 

air  bubbles 
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this  swollen  state  to  nuke  it  more  difficult  for  it  to  re¬ 
turn  to  tin.1  normal  state. 

This  attempt  produced  the  best  results,  and  a  oerm- 
anent,  stable  red  response  was  obtained.  The  reneataLi 1 i ty 
and  uniformity  was  good  but  the  quality  was  not  yet  accep¬ 
table  because  of  considerable  scatterinq.  This  process 
was  developed  further  and  was  used  in  the  production  of  the 
final  red  ho  loci  ram  assembled  in  the  tricolor  hoi  ociraoh  i  c 
Pancake  Window  (Table  2). 


Construction  of  the  Red  Ho  lot;  ram  with  a  Red  Laser 


In  a  parallel  effort  with  the  development  of  tech¬ 
niques  for  producing  a  red  hoi oci ram  with  an  argon  laser, 
experiments  were  carried  out  to  investigate  the  feasibil¬ 
ity  of  producing  the  red  hologram  with  a  red  laser,  spe¬ 
cifically  a  krypton  laser. 

The  basic  problem  was  to  achieve  a  photosensitization 
process  for  the  dichromate  gelatin  films  which  could  be 
used  with  the  red  laser  lines,  and  with  a  sensitivity  com¬ 
patible  with  the  available  laser  power.  The  normal  pro¬ 
cess  of  photosens i t i zat ion  with  ammonium  dichromate  pro¬ 
duces  films  whose  sensitivity  is  relatively  strong  in  the 
blue,  low  in  the  green,  and  non-existent  in  the  red. 

Initial  experiments.  This  investigation  was  started 
by  experimenting  with  a  formulation  for  red  nhotosensiti- 
zation  of  ammonium^dichromate  film  which  had  been  reported 
in  the  literature.  Basically,  the  formulation  consisted 
of  the  addition  of  an  extra  dye,  methylene  green,  to  the 
photosensitization  process.  Two  things  were,  nevertheless, 
different:  (a)  the  reported  formulation  has  been  used  with 

commercially  available  photographic  gelatin  plates,  and  (b) 
the  holographic  geometry  used  two  separate  wavefronts  each 
of  which  will  be  incident  at  the  plate  from  an  opposite 
direction.  In  this  project  the  gelatin  films  have  differ¬ 
ent  characteristics  than  the  commercially  available  films 
previously  mentioned,  and  the  holograph ic  geometry  requires 
that  one  of  the  two  interfering  wavefronts  used  in  recording 
must  pass  through  the  film  twice. 

To  separate  the  influence  of  these  two  different,  con¬ 
ditions,  the  red  photosensitization  process  was  exactly 
repeated  as  reported  in  t,  ■  literature  and  used  with. the 
same  type  of  commercially  available  gelatin  film  649  T 
plates.  The  geometry  of  holographic  construction  was 
changed  for  the  back  mirror  geometry  used  in  this  nrnioot . 
With  this  geometry,  if  the  optical  density  of  the  elate  is 
toe  high,  the  wavefront  passing  t hr ninth  the  elate  twice  will 


After  initial  dirfieultios  in  repenting  t  ho  earlier 
results,  the  holeur  ips  could  not  be  simultaneously  n  re¬ 
duced  with,  hiuh  diffraction  efficiency  and  uniformity  of 
response.  The  seoet  ra  1  response  was  red  in  some  areas  and 
area'ii  or  ye  1  lew  it',  other  areas.  The  yield  of  not'd  phots - 
sensitised  plates  was  poor  and  most  of  the  elates  had 
crystallization  which  could  not  be  removed .  Attempts  to 
decrease  the  crvst a  1 1  at  ion  resulted  in  holograms  with  very 
low  di f f raot ion  efficiencies.  Another  undesired  charac¬ 
teristic  of  these  red.  ho] eg rams  was  a  very  wide  spectra! 
response  which  made  the  elates  unusable  as  rnnnoc’h rorvt t  Le 
mirrors  for  *->:o  t  r icolor  mirrt'r. 

Further  development  of  the  phrtosons  i  t  i?.at  ion  nroci.m 
produced  a  la  rue  size  holograph ie  elate  with  qood  red  re¬ 
sponse  in  the  desired  620rtm  region,  with  qood  uniformity, 
with  narrow  bandwidtl.  response  but  with  very  low'  diffrac¬ 
tion  efficiency.  The  optical  mirror  resolution  at  this 
state  of  devel:  rn->:v  was  ccmnarab  1  e  to  or  better  than  the 
resolut  ion.  obt  ained  with,  the  final  red  hologram  produced 
with  the  arson  ion.  laser. 

Tiie  invest  i  <;at  i  on  wi'h  i  he  krypton  laser  was  inter¬ 
rupted  fi.'rv  the  parallel  effort  in  the  production  of  the 
red  hoJouram  with.  *  he  arao.-i  laser  was  progressing  faster 
and  indicated  a  shorter  and  more  secure  approach  to  the 
successful  fabricat ior  of  the  rod  holocrar. 


This  incomplete  invest igat ion  (which  was  later  re¬ 
sumed)  has  not  y<»t  perm i  f  t o  •  a  comparison  of  the  optical 
performance  of  then.,  mirrors  with  t ho  ones  produced  with 
the  trgon  laser.  Tin  ■  :  roduvt  ion  of  the  red  ho  log  ran;  with 
*•  h*  •  krypton  1  as‘>r  to  achievable  but  its  j  usti  f- 

l  cation  as  a  rim  r  '  f  be  1 1  <  •  r  optical  performance  could 
nof  he  eva  !uat  od  due  ■  o  f  h<  ••-•ry  limited  quality  and  low 
ii  f  rr  ict  i .  •  n  «*f  f  ici'-r.oy  f  *  is  holoqrars  produced.  The 
■ptical  r>.--rf <  rr  info  ■  f  !■  •»  1  ♦  ypes  ef  mirrors  need  further 

i  r  :  r'  -r  •  *  ich  i .  s  r  :  r.  i rum  qua  1  i  tv  f  r  a  roar,  incf  ul 


P.  - 1  l:  ,  ipp  n  'a-. 


:  i  •  :  i : 


*  l  '  :  i ;  l 


,  t  'a'  fubr: 
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SECTION  IV 


corpi.iNO  of  the  hoi.ocrarh ic  mirrors 


r.i'iu- r  i  I 

Thf  f  rii-i'lor  holoqraphic  beamsplitter  mirror  will  be 
i  compound  ho  Lou  ram  which  will  spectrally  respond  in  three 
.•>>•  looted  ranees  (blue,  nrcen,  and  rod).  These  selected 
ranees  have  Is  -  on  desioned  to  cover  the  visual  spectrum  in 
such  a  way  that  maximum  cove race  without  cross  talk  be¬ 
tween  colors  is  obtainable.  Since  the  focal  lenoth  of  a 
i'oioi?ranhic  mirror  is  dependent  on  the  wavelenqth,  the 
mirror  will  produce  color  dispersion.  The  color  disper¬ 
sion  is  reduced  as  the  spectra  1  response  of  the  holcora- 
mhic  mirror  is  r’ade  narrower.  That  is  the  reason  for 
usino  three  hc'loerams,  each  with  narrow  spectral  response, 
rather  than  ore  cove ri no  continuously  the  visible  spectrum. 

The  recording  of  these  three  ho  loci  rams  could  theor¬ 
etically  be  made  in  the  same  holoqraphic  film  or  in  sep¬ 
arate  films.  Also,  they  could  have  the  same  focal  lenoth 
if  the  three  ho  lor?  rams  are  in  the  same  plane  or  have  the 
same  focus  (in  the  Pancake  Window  con f iourat ion )  although 
physical ly  separated. 

Experiments  were  carried  out  to  evaluate  different 
approaches . 


Expo  r  irr.en  ta  1  Fva  1  uat  i  on 

Double'  exposed  ho  lee  ram.  Two  holograms  could  be  ex- 
nosed  in  the  same  film  and  the  third  h< >  1 eu ram  produced  sc 
it  could  be  cemented  ei 1m  to  film.  The  t  h roe  ho  loo  rams 
will  then  be  practically  in  the  same  plane  (within  lOOnm) . 


The  theory  for  nlano  holograms  predicts  that  the  dif- 
f  met  ion  efficiency  in  a  mu  1 1  iplo  exposed  ho  lor?  ram  will  be 
i  r.  vers  a  1  1  v  n report  ion a  1  to  the  square  of  the  number  of  he  1  c 
arums  recorded  .  4  For  t  ha  •  volume-phase  typo  ho  loo  rams  used 
in  this  nreieot,  t  he  exper imontal  resu 1 ts  have  demons t  rated 

r . ;  *h  hi  -?hcr  <!  i  f  f  ruct  i  on  ef  f  i  cier.ci  es  .  Tt  seems  possible 

i  hat  usal  le  ho  loarur-s  could  be  mroduced. 


or.t  techn  i  ifii'-s  < 


d  i  f  f or1 


'on  Id  bo  used: 


i  :n  ■ 


•  r  if; 


1  umi  n,it  i  ■:) .  Phis  i s  nif.'ris.iry  t<  •  ■  t ; 
line  (  us  i  ikj  .  >r;  1  y  (ini'  1  asor )  and  *  vary  the  is  1<  era:  •  !. : 
film  spat:  i  a  !  fi  ltcr  di  ft  anc-  t  <■  e-  fO'-nsa*  •  •  for  vur 

t  inn  it:  focal  lonofhs  wi  I  1  w.  iv  •  1  cnat.  !.s .  Aft'  r  *  h. 

c:  raph  ie  f  i  In;  h.is  h<>.  >n  exres.d  w it!:  t  h.  •  :r>  ••  1  i  ,  *. :: 

p  1  a  vo  is  li'Vi'  lot  >od  and  •  c  i  ■  •<!  wit!,  t  ;u  st  < : :  d  i  rd  if'  e 

The  ivsu  !  t  s  were  posit  i  vo  but  t  h<  -  ::-ax  i  rur  cl  i  f  f  i  e  • 

efficiency  oht  iinable  was  n«>t  o  >np  lot  .  iv  i  s  t  ab  i  i  sh  d  . 

uotor  iorat  ion  of  1 In  •  or  t.  i  cu  1  m  r  f  ornanee  of  f  hose  mi  r r 
was  not.  not  i  i-'  ab  i . 

2 .  Tho  hidii'in: 'hii1  fill’  is  exposed  twi  t'1  usi  t 
dll  f  fi/ront  wave*  1 ‘“'ii  oths  but  is  also  ohotosens  i  t  ]  :>.•  •<:  twin 
and  dove loped  twice. 

With  tie's  f ocniiicuo  a  nolocrar  is  produced  in 
standard  way ,  say  for  a  response  in  tho  blue.  A.  ft  or  ♦ 

h  doarar  has  boon  tost  ed  and  accepted ,  it  is  a.rair: 
sensitized  (and  apparent  1y  I  c>s  i  no  t  ho  blue  response 
any  holunraohic  response)  and  is  exposed  to  another  wa 
leneth ,  say  the  oroen .  Wlvm  the  he  Ion  ram.  is  dovedontd 
and  dried,  not.  only  th<  aroon  response  but  the  o  r  i  i  r.n 
L'lu«;  rospr  rise  is  nrosont  in  tho  hoi  our  at  . 

s u>.  inis  o rover,  tr  be  very  prcr.isir. 
•iencio.;  of  30  percent  are  very  •  i 


and  di  f  f  raet.  i--  r.  « •  f  f  i 
be  aci.i"Vod . 


Separate  ho  !  o  traphi  c  r  i  lms.  '."he  ho  horars  a ro  pr 
duced  Tnd' •t.ionder.t.  1'.'  uni  1  hose  approaches  refer  to  tin. 

•  ochriques  for  p  1  aoirw  1  he  in  >  lourams  in  tin-  same  o  1  ,py. 
wit'n  a  r.inimuir.  of  sonar  •  t  i  on  . 


1 

F  i  1  r 

tr. 

a  n  s  f  e  r  : 

W  i.  t. 

t  h 

i 

t. 1 

och 

ho 

1 

on  r 

a ms  arc 

r  >  r « 

'"it :  need 

and  t 

,  A 

s  t  o 

d  s  e 

:\ir 

one 

O 

, 

f-  h  e  ho/ 

a< ;  rar 

s 

1  s 

(’a' 

rb 

.  •  *  ;  f 

-  , 

1 

a  \ 

v  e  t.  h.  i  • 

r 

a  ] 

mropr  i 

ate  iv 

!  h* 

>:  i  1 1 

.  ]  . 

:  '  S 

l->  (  , 

s 

ior. 

bet  w«'e 

T  ) 

last i e , 

S'  'P'  ■ 

ja 

t  , 

a  net 

a<  '■  ; 

hr- 

st  r 

o  n  [ !  e  r  t 

h 

an 

t  h*  ■  ad 

i  .  1  -  !  i  o 

n 

ba 

\  wr- 

r.  v  • 

■I  1 

a 

s  s 

subs  t  in 

t  , 

' . 

A  f  t  o  r 

t  he 

c 

orr.v  • 

;  ,  f 

i 

s  a 

t :  i 

f  1 

'  X  i  b  1  1  1 

f  • 

-f  tho 

clast 

i 

C. 

1 •  '•  ■  ’ 

t 

r 

1 

.  •  1  » 

d  off" 

i 

f  ; 

a  1  ISS 

s  ■  ibs  t 

r 

at' 

. 

;  i  1 

is  i  >oe  1 1  •<!  nff  .iii'i  thi-  two  t  i  lms  it'-  si'!'  it  nt  r(i  \  a  very 
t  bin  lav-'  r  a1'  cem.<  v  t  .  The  t  !i  i  ra  he  b  -qr  ir  is  fin. illy  « *«  *r  ■  -r:  — 

!  t'J  .a ■  1  a  t  i  :i  to,  a.  ■  I  it  it.  [F  i  mi  r<  ■  h  >  . 

One  v-uiat  iun  c>!  this  t  i.vhii  l.iur  is  t  ■■  produce  <  'ti<  •  hole 

i!rar'  licit  with  a  al  iss  substrata-  but  with  a  supported  t"  !<•>:  — 

ibK-  I'lastii-.  1  r  thi  s  way  tiiii  first  ■  in..- rat  i  <  >n  described 
nrovi ous  1  y  is  e  1  ini  nut  cd.  Fxne r  imen t  a  1  1  y  this  technique 
was  shown  feasible.1  and  was  ch<  son  (but  not  finally  lninb  - 
non  trod)  for  the  ore 'duct  ion  of  the  trieolor  window  (fintir'-  lr 

This  toohu  inuo  lias  nor.  boon  eons,  lot  oly  t  os  tod ,  and 
initial  problems  have  boon  found.  One  problem  has  beer 
that  the  qo  !  at  in  is  very  brittle  and  ran  <  a  si  ly  break  wliot; 
separated  from  the  q  lass  or  nlastio.  Anot  her  nrotilc-r  is 
that  ir  the  plastic-  substrate  is  chosen,  a  strorr?  sunport 
will  be  necessary  to  avoid  a  shrinkinq  or  clastic  defor¬ 
mation  urodueed  durinq  the  dry inq  of  the  coated  qo  1  at  in 
film.  The1  strona  sunport  is  also  needed  for  mechanical 
stability  durinq  the  exposure  of  the  film  and  durinci  deve  1  - 
opmont.  and  drying .  Also,  t  he  adhesion  of  the  qelatin  f  i  lr 
to  a  elastic  substrate  durinq  the  entire  holonraohio  pro¬ 
cess  is  not  as  qood  as  the  adhesion  to  a  class  substrate, 
unless  the  plastic  surface  has  been  sped  a  1  ly  treated  or 
it  is  prevented  from  shrinkina,  expand i no  or  chanuinc  its 
f  ]  a  t  n  o  s  s  . 

2.  Two  films  and  one  substrate:  With  this  tech- 
n  ique  one  of  the  ho  1  c'orams  is  oroduced  and  tested  in  a 
standard  way .  If  acceptable,  the  ho loo ram  is  sea  led  by 
cement inq  to  the  film  a  sealer  or  a  very  thin  elastic.  I  f 
this  sealer  is  water  and  humid  i  tv  proof ,  this  he- 1 ram  will 
servo  as  a  substrate  for  the  product  ion  of  a  second  ho  lo¬ 
ur  im,  and  i  new  film  will  be  coated  ever  the  insul  at.  ion . 

This  technique  has  also  been  shown  feasible.  How¬ 
ever,  cant  i  op  must  be  taken  to  select  a  elastic  that  is 
*  r  a  i  n  f  r- and  will  not  chancre  the  state  of  polarisation 
of  the-  laser  i  1  lur  i  nat  inn  1  ioht  dur  inn  the  exposure  of  the 
he]  ocrar.i  '.also,  a  elastic  that  is  str  lined  or  has  bire- 
f  rinuonee  .ecu  Id  not  be  used  in  t  he  Pancake  Window 
con  f  i.  a  u  ra  t  i  on )  . 

To  eliminate  this  latter  possible'  problem  a  'variation 
of  this  technique  is  suaqest ed :  The  o 1 iminut i on  cf  the 
p 1 ist  ic  and  the  use  of  only  a  sealant  cement.  This 
con]  1  fx-cfo  sin-.;.'  1  or  and  more  practical  solution  orovidi  ra 
a  s<-' a  1  an t  is  found  with  wafer  absorption  low  encuuh  to  pre- 
""i:t  any  deterioration  in  the  si.anal  of  f ho  cemented  ho  1  <'- 
. : ram  .  The  sealant  romon t s  t  ried  t  hus  far  <tnd  mer.t  ioned 
i-  irliei  in  Meet  inti  1  I  I  -  (Const  ruction  of  t  he  Hod  Ho  1  car, .ml 
h  !"'■  tu  »  b'-'Ci  totally  successful.  With  this  technique ,  a 
:  c  ■■■,■:  : . '  -  b  'ruth  ir  f  i  1m  wi  1  1  be  co.ated  over  t  ho  sea  lor  cement 
:  ;  •  ‘  -a-  : .  -1  -q  r  ar  :  reduced  with  a  di  f  feront  f  oca  1  letup  h 


3.  Separate  holograms  with  different  focal  lengths: 

Two  of  the  three  holograms  could  be  cemented  gelatin  to  gel¬ 
atin  and  the  third  cemented  to  this  pair.  This  third  holo¬ 
gram  will  have  a  focal  length  longer  or  shorter,  depending 
on  the  distance  of  the  gelatin  films.  With  this  arrangement 
the  three  holograms  will  have  a  common  focal  plane  if  an 
object  is  placed  in  this  focal  plane,  the  three  holograms 
will  simultaneously  collimate  or  display  the  object  at 
optical  infinity.  If  the  object  is  outside  the  focal  plara, 
the  magnification  and  the  position  of  the  images  will  not 
be  coincident  and  color  separation  will  be  observable. 

This  last  technique,  althouah  not  the  preferred  one, 
was  implemented  for  its  simplicity  in  the  production  of 
the  first  tricolor  holographic  Pancake  Window. 
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SECTION  V 


PRODUCTION  OF  THE  BLUE,  GREEN,  AND  RED  HOLOGRAMS 


Construction  Geometry 


The  three  holograms  (blue,  areen,  red)  were  construc¬ 
ted  using  the  same  basic  geometry  and  using  only  a  single 
laser  (Finure  16). 

The  laser  is  a  c.w.  aroon  laser  with  an  all-lines 
power  of  about  20  watts  and  useful  TEMoo  of  about  4  watts. 
This  reduction  is  caused  by  the  selection  of  a  single 
laser  line  (which  will  reduce  the  total  power  in  half  for 
the  514nm  or  488nm  line)  and  the  use  of  an  intracavity 
etalon  to  provide  the  coherence  length  necessary  for  the 
construction  geometry. 

The  laser  is  in  a  senarate  room,  adjacent  to  the  room 
in  which  the  plates  are  exposed,  to  achieve  better  insu¬ 
lation  (details  are  described  in  Apoendix  A  under  "Holo- 
uraohic  Facilities"). 

The  basic  construction  geometry,  called  the  "back 
master  mirror  geometry"  consists  of  illuminating  the  holo¬ 
graphic  plate  with  an  exoanded  laser  beam  which  begins  di¬ 
verging  at  a  spatial  filter.  This  divergent  laser  beam, 
partially  transmitted  and  partially  absorbed  by  the  holo¬ 
gram  reaches  a  spherical  aluminized  mirror  which  has  a 
center  of  curvature  coincident  with  the  spatial  filter. 

The  light  reflected  by  this  "master  mirror"  becomes  con¬ 
vergent  toward  the  center  of  curvature  and  interferes  with 
the  divergent  beam  at  the  holographic  film  plane  producing 
the  hologram.  The  interference  of  the  two  beams  is  the 
basic  requirement  in  constructing  a  spherical  holographic 
mirror.  The  distance  between  the  spatial  filter  and  the 
holographic  nlate  wi 11  equal  the  radius  of  curvature  of 
the  holographic  mirror  if  the  reconstruction  and  construc¬ 
tion  wave  1 enoths  are  the  same.  If  they  are  different,  the 
radius  of  curvature  must  be  multiplied  by  its  ratio 
( Fount  ion  1 )  . 

The  "p:  as  ter  mirror"  is  an  aluminized  class  mirror 
1  inch  thick  with,  an  aivraturo  of  40"  x  ^8"  and  a  radius 
of  rurvatnr*  '  f  4 f-  inches.  This  mirror  is  minced  in  a  box 
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with  sand  and  floated  on  air  tubes.  The  same  floating  plat 
form  supporting]  the  box  with  the  mirror  also  supports  the 
horizontal  wet  cell  (Figure  17). 

The  horizontal  wet  cell  consists  of  a  base  or  sup¬ 
porting  ((lass  1  inch  thick  placed  over,  but  not  in  contact 
with,  the  master  mirror.  A  high-efficiency  anti-reflec¬ 
tion  (HEA)  coated  class  is  cemented  to  this  plate  at  the 
side  closest  to  the  mirror.  At  the  other  side  there  is  a 
reservoir  structure  which  contains  the  holographic  plate, 
which  will  be  immersed  in  a  liquid  of  appropriate  (about 
1.51)  refractive  index,  and  a  cover  plate  with  a  HEA  coatim 
In  this  way  the  hologram-air  interface  is  limited  by  HEA 
coatings,  and  the  inside  surfaces  of  glass  and  oelatin  arc- 
matched  optically  with  the  liquid.  The  purpose  of  the  wot 
cell  is  to  eliminate  multiple  secondary  reflections  between 
the  holographic  plate  and  the  master  mirror  and  also  be¬ 
tween  the  surfaces  of  the  holooraphic  plate.  These  secon¬ 
dary  reflections  could  produce  multiple  holograms  and  a 
degradation  of  the  optical  performance  of  the  holographic 
mi r ror . 

The  distance  between  the  wet  cell  and  the  spatial 
filter  was  changed  for  the  production  of  each  hologram 
(figure  16).  The  focal  length  of  the  constructed  hologram 
is  calculated  as  half  the  distance  between  the  spatial  fil¬ 
ter  and  wet  cell  multiplied  by  the  ratio  of  the  construc¬ 
tion  to  reconstruct  ion  wavelengths  (Equation  1). 


Holographic  Film  Characteristics 


The  qelatin  films  are  coated  on  a  1/8- inch  thick 
24-inch  by  21S-inch  glass  substrate  with  a  "nravitation" 
technique  and  with  a  formulation  developed  prior  to  this 
project . 

The  formulation,  environmental  parameters  and  process 
are  varied  and/or  calibrated  accordin'!  t<-  the  desired 
characteristics  of  the  hologram  and  of  t  h- •  wavelength  shift 
between  construction  and  reconstruction. 


Production  of  the  Blue  Hologram 

The  Production  of  the  blue-  ho  lour  am  was  the  first  at¬ 
tempted  and  is  the  only  one  in  which  the  wave  1 enu th  o?  r-  - 
construction  was  designed  to  be  the  same  or  very  close  t< 
the  construction  wavelength. 

The  488nm  line  of  the  argon  ion  laser  was  used,  and 
t he  stability  of  this  line  was  checked  and  experimented, 
with.  In  general,  this  laser  line  is  not  as  stable  as  the 
5  14  nr  creep  line,  but  has  t ho  advantage  that  t  he  ammonium 
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di  chromate  film  has  a  sensitivity  about  five  times  biqlv-r 
for  the  blue  than  for  the  croon.  (’•  •  nsequent  ly ,  the  oxpe.su  r-  • 
times  for  the  blue  ho  1  oa rams  wrrr  much  shorter  than  for  t  h- 
a  reen . 

The  horizontal  wot  cell  was  oriqinally  calibrated  »e 
produce  a  holoaraphio  mirror  of  15.5-inoh  radius  of  curva¬ 
ture  and  the  ho  loti  ram  was  exposed  31 . 1  inches  f  r<  >m  the 
spa t i a  1  filter. 

The  humidity  during  this  time  of  year  was  much  hi  oh<.  r 
than  normal,  and  thus  it  was  not  always  possible  to  cent  r<  1 
this  environmental  parameter .  As  a  result,  most  o!  the 
plates  responded  not  at  488nm  but  at  a  wavelength  closer 
to  470nm.  Several  plates  were  made  ,  never  t  lie  1  ess  ,  with 
the  response  at  the  desired  value  of  4R8nm.  °ne  <  f  then, 
plates  was  permanently  cemented  to  a  preen  hologram  of  •<  1  - 
most  identical  focal  length  (17.71  inches)  and  the  biceler 
hologram  was  analyzed  for  performance  in  a  Pancake  V.'i.n dew- 
con  f iaurat icn . 

The  performance  of  this  bluo-oreen  ho  loo  ram  was  c<  r- 
sidered  qood,  but  it  could  not  be  used  in  the  final  tri¬ 
color  hologram  duo  to  the  impossibility  of  proclue  inn  a 
red  hologram  of  the  same  focal  length.  This  was  caused, 
by  the  physical  restriction  of  not  being  able  to  obtain 
a  distance  of  42.6  inches  from  the  center  of  curvature  of 
t 1 : mast'  r  mirror  to  the  snatial  filter.  At  this  dis¬ 
tance,  when  constructed  at  514nm,  the  hologram  will  have 
a  fo  ral  length  of  17.75  inches  for  a  response  at  6  2hr:m. 

The  alternatives  were  as  follows: 

1.  Use  the  or igina 1  ly  designed  verticil  cel  1  (whirr 
proved  by  this  time  to  be  unstable). 

2.  Modify  severely  the  horizontal  cell  neor-.ef  rv , 
shortening  the-  dimension  of  the  1  -  j  pel:  thick  bust  n,  y,  t  ■ 
allow  it  to  qo  j  ns  i  do  the  snuitta  <>r  t  he  r  art  i-r  :r.  i  r  r  r. 

J.  Chance  t  h-*  ho  i  onr.mh  ic  •  *  *a  1  !cn>vf  •<•  i  f  j  cat  i'-r 

fror  l-7.  75  inches  to  17  inches. 

Th  i  s  last  alternative  was-  chosen  a  in 
w  is  const,  ruetod  ( at  5  1  4nm)  at  i  din.t  am-' 
from  the  son*  i  tl  fi  lt:er  in, -it-  .id  ■  f  42.6  i 

retju  i  r«'>d  for  *  he  1  “  .  "7r  - i  n*’!;  f  oca  1  1  one*  h  . 

ir.chea  i  was  the  maximal  d  i  s  t  am*.  •  ;;i  va  * 
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Hy  this  t  imo  tho  iuimidity  was  much  lower  than  when  the  17.7 S— 
inch  holograms  w*>re?  made  with  the  result  tnut  the  response 
■  't  t  li  i  s  blue  hnloaram  was  now  around  r'00nm,  very  close  to 
the  response  of  the  green  hologram  that,  for  other  reasons, 
w  is  lower  than  originally  designed. 

One  of  the  early  experimentally  produced  blue  holograms 
had  a  peak  spectral  response  at  468nm.  Although  the  wave¬ 
length  was  much  lower  than  it  was  designed  to  be,  the  focal 
length  at  this  wavelength  was  exactly  17  inches  and  a  good 
match  for  the  red  hologram.  This  blue  ho  loci  ram  was  cemen¬ 
ted  to  the  selected  red  hologram  combi  nine?  two  of  the  three 
mirrors  required  for  the  final  tricolor  hologram. 


Product  ion  of  the  Green  Hologram 


The  production  of  the  green  hologram  followed  produc¬ 
tion  of  the  first  blue  holograms.  The  green  hologram 
focal  lennth  was  intended  to  match  the  focal  length  of  the 
blue  hologram.  owing  again  to  humidity,  he  green  hole- 
grams  were  responding  at  a  lower  wavelength  ( 5 4 Or.m. )  . 
Ultimately,  holograms  were  produced  at  ‘jfjnm  and  matched 
with,  the  blue  hologram.  The  first  bi  col  or  ho  Ion  ram  was 
assembled  with  these  holograms  and  had  a  fecal  length  of 
17.17s  i  nch.es . 

When  tho  acomotrv  was  chanced  to  accommodate  the  pro¬ 
duction  of  the  rod  hologram,  the  wet  cell  for  the  green 
hologram  should  have  boon  placed  at  36.71  inches  fror  tho 
spitial  filter  since  it  was  to  be'  exposed  with,  tho  514nr. 
lino  and  was  to  have  a  focal  length  responding  at  555nm. 
rt  happened  however,  that  with  this  configuration  the 
second  reflection  (between  the  wet  coll  and  master  mirror) 
focused  at  the  holographic  plate,  producing  an  intolerable 
•osmotic  defect.  To  avoid  this  defect  the  focus  of  the 
second  reflection  must  he  moved  at  least  1  inch  from  the 
plate  and  since  it  was  decided  not  to  move  the  plate  or  to 
•  •  range  the  17-inch  focal  length. ,  the  nreen  response  wavc- 
ienuth  would  have  to  be  moved  from  I355nm  to  either  570nn 
or  ">4<)nm.  *  The  r>40nm  wav.  length  position  was  chosen  to  re¬ 
duce  the  d  i  s»  nr.ee  from  tho  blue  response  which  was  much 
W(  r  than  was  desired. 


Wi.on  the  final  nreen  hologram  was  to  be  produced , 
humidity  had  again  changed  and  was  very  low  (winter 


i*"  ions)  resulting  in  nreen  holograms  with,  a  high  wro  ¬ 
th  response  (  ufilnm)  .  The  holograph  ic  faci  !  i  ties  wn 
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designed  to  he  clean  rooms  with  temper at uro  and  humidity 
controls.  The  air  intake  and  "make-up"  was  common  to 
all  rooms  to  obtain  a  constant  environment  durinc;  the  holo- 
uraohie  process.  But,  this  Inrqe  volume  of  air  which  was 
constantly  exchanged  as  a  requirement  for  the  clean  rooms 
became  toes  much  for  the  humidifiers  and/or  dehumidi  f  iers 
when  the  relative  humidity  of  the  intake'  air  was  very  dif¬ 
ferent  than  the  relative  humidity  required  in  the  labora¬ 
tory.  These  extreme  conditions  unfortunately  occurred 
during  the  production  of  the  final  holograms  so  that  in 
order  to  obtain  the  green  hologram  with  the  desired  wave¬ 
length  response  it  became  necessary  to  process  the  film 
(before  exposure)  in  humidity  controlled  improvised  booths. 

The  final  three  holograms  were  desioned  and  produced 
to  be  assembled  in  the  same  plane  (substrate)  by  moans  of 
a  "mechanical  transfer"  procedure.  This  procedure  was  net 
implemented  (because  of  program  limitations)  and  the  holo¬ 
grams  were  instead  assembled  with  the  red  and  the  blue  in 
the  same  plane  but  the  green  separated  by  a  1/8-inch  class 
substrate.  Consequently,  it  was  necessary  to  modify  (by 
redeveloping)  the  focal  lennth  of  the  green  holocram  to 
compensate  for  this  separation. 

The  green  hologram  ended  up  with  the  best  resolution 
of  the  three.  It  had  small  cosmetic  defects  produced  dur¬ 
ing  the  redeveloping  in  adjusting  the  focal  length. 

Production  of  the  P.ed  Hologram 

As  noted  previously,  the  production  of  the  rod  holo¬ 
gram  presented  a  challenge  during  this  program.  Initially 
crood  results  usinn  the  5  14. 5nm  line  nr  the  argon  ion  laser 
for  construction  could  not  be  repeated,  so  the  647nm  line 
of  the  krypton  laser  was  chosen  as  a  possible  alternative. 
After  further  investigation  of  both  approaches ,  the  pro¬ 
duction  of  the  red  hologram  with  the  argon  ion  laser  seemed 
to  be  achievable  sooner  and  became  the  selected  final 
approach . 

The1  first  red  holograms  produced  in  this  second  at¬ 
tempt  were  processed  differently,  in  that  the  ho  loo rams 
after  being  exposed  were  swol Ion  considerably  using  trieth- 
unolnnine  and  then  hardened  before  being  dehydrated. 
Hardeners  investigated  were  rapid  fixer,  al  umituim  sul¬ 
fate,  chromium  sulfate,  and  potassium  chromium  sulfate. 

This  process  produced  a  permanent  swell  inn  in  t  he  h<<  lo- 
•  i rams  and  consequent  ly  produced  a  stable  spectral  response 
in  the  red . 

As  a  consequence  of  this  process i no ,  chemical  pre¬ 
cipitation  occurred  in  the  gelatin  causing  eons i derahl e 


scattering.  To  eliminate  this  scattering,  the  process  was 
adjusted  producina  urecipi t at  ion  just  over  the  surface  f 
the  go  1  a  t  i  n  .  This  could  be  mechanica  1  Ly  removed  e  limit. - 
at  inn  all  observable  scattering. 

A  problem  still  remained,  however,  in  that  these  rod 
holoqrams,  although  peaking  at  the  desired  wavelength  (620nn), 
had  too  wide  a  resoonse  (over  50nm)  and  produced  dispersion 
effects  with,  consequent  imaqe  degradation 

When  the  hologram  was  ..  ’  lowed  to  respond  at  lower 
wavelengths  (600nm),  the  response  became  narrow  enough 
to  be  useful.  It  was  also  observed  that  the  spectral 
broadening  affected  the  imacie  quantity  (resolution)  very 
severely  ol f-axis  but  not  signi f icantly  on-axis. 

By  further  adjusting  gel  hardness  and  chemical  concen¬ 
trations,  the  spectral  bandwidth  was  finally  reduced  to 
lOnm  at  the  half-heioht  for  a  wavelength  peak  of  620nm. 

The  resolution  still  deteriorated  considerably  off-axis 
and  was  much  worse  than  the  resolution  of  the  green  and 
the  blue  holograms. 

To  produce  the  red  hologram,  the  base  elate  of  the 
horizontal  wet  cell  was  lowered  to  the  ooint  of  almost 
touching  the  master  mirror.  At  this  position  the  holo¬ 
graphic  plate  was  at  a  distance  of  40.8  inches  from  the 
spatial  filter  or  center  of  curvature  of  the  master  mirror. 

Construction  parameters  for  the  three  holographic 
mirrors  are  given  in  Table  5. 
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SECTION  VI 


ASSEMBLY  OF  THE  TRICOLOR  HOLOGRAPHIC  MIRROR 
AND  PANCAKE  WINDOW 


Mirror  Assembly 


Eaoii  of  the  three  mirrors  was  measured  for  spectral 
response  and  focal  length.  The  spectral  response  was 
determined  photometrically  measuring  the  reflection  from 
the  mirror  of  a  monochromatic  source.  This  source  was  a 
monochromator  with  a  resolution  of  2nm. 

The  radius  of  curvature  of  the  mirrors  was  measured 
nonoehromat i ca 1 ly  and  with  a  white  light  source.  In  both 
cases  a  small  point  source  was  moved  away  or  toward  the 
mirror  until  its  reflected  point  imaqe  was  at  the  same 
[■'lane  as  the  source. 

The  mirrors  were  initially  assembled  "dry"  and  the 
reflected  image  of  a  19  51  I'SAF  resolution  chart  was  observed 
for  color  rendition  and  superposition  of  the  color  images. 
When  these  were  acceptable,  the  mirrors  were  aligned  and 
cemented  permanently. 

The  cementing  structure  consists  of  a  platform  which 
will  supoort  one'  of  the  mirrors.  This  platform  is  raised 
and  surrounded  by  a  container  structure  which  will  col¬ 
lect  the  excess  of  cement  and  also  support  the  alinnment 
screws.  Above  this  platform  and  at  the  focal  plane  of 
the  mirrors  is  a  long  fluorescent  tube,  all  blackened 
with  the  exception  of  three  crosses,  one  at  the  center 
and  the  other  two  symmetrically  placed  from  the  center 
and  separated  by  16  inches. 

While  the  cement  is  still  very  fluid,  the  second  holo¬ 
gram  is  pi aced  (with  cement)  over  the  immobile  first  one, 
and  is  translated  with  the  alignment  screws  until  the 
two  color  crosses  are  superimposed  and  the  two  colors  fuse 
in  a  color  combination. 


the  red  and  blue  holograms  wore  cemented  first,  gel¬ 
atin  to  go  1  a f i n .  The  rod  hologram,  which  was  the  most 
difficult  to  produce,  dictated  the  matching  focal  lennth 
f or  Mv  other  two  holograms. 
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with  tin'  •:•••  1  at.  it.  facim:  inside.  The  t  r  i  c* •  i  r»r  mirror  v  is 
in  this  wav  pr'*>t  •  vt  <  d  bv  tv.o  of  t  he  n  lass  subst  rate-:-  . 

.1 1  i  i  >  f  tin'  ■■■■'  1  it  i;::;  !  i  ■  i  r  :  insifl"  t  ii>>  :  jrka.ii' . 

Tile  L  r  i cv •  1  •  •  ri  rr<  r  :  ■  r  ■  din't-s  a  >:'.•>  d  cc-  i?  r  rend  i  t  ior. 
i  i  r-  spite  tii'.-  :  >  i  i ;  •  i  • ' '  •  :  *  of  *  !.•  !  i  u:r;u  -h  ie  snoot  rn  1  r<  — 

-■i  t  -.or  ',s>'  aka,  wh  i  oi  vn  r<  m  ‘  ,.t  tdio  dos  i  oned  volaos,  .ana 

t  in  •  reflect,  i :  i  a*  •  i  ;  i  i  •  s  ■  •  f  t  he  i  i<  ■  i  <  •• :  r  ir.s  ,  v:h  i  rh  wo-  r-. 

:  .  t  '  i  j-  -y  . 

The  roso  i  ■;*  i  ■'  .  ■  •  i  .  •  t  ric'-l'  r  r.i  rna  was  1  i.;-  i  to  i  : 

tie-  ros:  1 1  a'  :  or;  ;  <  h-  r-  .1  - 1  ■  ■  :  r.  i  •  ’.o!.  i .  -h  v.  a  •.  a,  .  -s- 

.'i.i  I  !y  >  • :'  f-  i  .  The  :  r  •  ,  ;  i  \ ....  m  j  r-.rr  ar::  ha  :  .  ' 

!  ,i  ■  t .  *  >  i ■  1 1:  t  ion. 


V.  ) 


i  i  />  ■  r 


A  O'  seq  ih  '!K’(  •  (.' ;  t  1 1  i  s  :n  -w  c •<  m  1 1  i  ( n i  r. 1 1  i  < t :  i  t  ! n  -  e  1  i  in  i  i : .  i 1  i  o; , 

■  A  r  wo  I’o.vr  classes  with  ant  i  ref  loot  ion  e<  >at  i  nqs ,  the 

mi  ■  rm.  mi  mi  t  a  1  i  .  inn'i  >n  t  of  tin-  oolarizor  .  •  lo  merit  s  and  the  <  •  1  i  m. 

in  : !  ion  of  iinuMiit  ed  re  t’  1  cct  i  ons  beti.-oer:  the  t  h  r< . lements 

o’  'he  I'l.issii'.il  I’ancaki1  Window  s’/sti-n:  ( 1 ' i * j n r •  -  A)  . 

To  .issi'mbh1  tiro  lio  1  oq rai ih i o  Pancake  Window  system 

■  u’h  of  its  principal  elements  was  uri'iiared  separately. 

Tin.  ari.’er  materials  were?  seamed,  stretched ,  and  c<  m- 

en.ted  t  o  each  of  the  two  cover  plate  classes  which  have  a 
hi-d.  >  f  f  i  ciency  ant  i  reflect  i  on  coatinn.  A  s<  ar-  was  no cos - 
.'..ry  !  mii.'..  of  t  lie  rest  ricted  width  of  the  presently  avai 
d A-  ;  1 ar i for  materials .  The  polarizers  wore  cut  and 

’•  t  '  he  class  elates  in  such  a  way  that  when  as- 

■  1  •  ■  :  :::  t  in  •  P rneake  Window  eonf iourat  ion  ,  the  ool  ar iza- 
•  m  o  i  t .  w  i  1  :  he  crossed . 

A;:-  her  e  ’.eront  is  a  plane  beamsplitter  mirror.  This 
:  -  at-sp  !.  i  '  ter  is  1  /H-  inch  thick  and  has  a  mu  1 1  i  1  aye  r  coat  in 
wi'h  i  reflect  i  on  of  about  r>n  oerc<  -  nt  when,  it  is  cemented 
with  an  adhesive  of  1  .  3  in  hex  of  refraction,  and  a  trans¬ 
mission  of  approx  im.  at '  •  1 '  the  same  value-.  The  absorption 
f  th.  is  pi  a  no  beams;  •• :  i  •  tor  is  less  than  2  percent .  Comen- 
t  •  wi  to  each  side  is  .•  y.u  r  *  .  r-wavo  relate?  bi  re  f  r  i  nqent  ma¬ 
teria!..  "’he  quartvi’-w.ivo  nlat.e  materials  are  aliened  with 
their  ret  ardat  ion  .o-a-s  oorpendieu  1  ar  to  each,  other  and  at 
a  4  3"  ar. p  1  o  t  r  tin  1  i : . ■  ar  a.:-:  i  s  of  the  polarizers.  Those 

quarter  wave  plate  m  it.-ri  .Is  must  a  1  so  bo  seamed.  They 
cu  selected  by  analyzing:  their  retardar.ee  and  nairinu 
the  elements  h.i'.'inc  the  closest  ’’nines,  and  closest  to 
•0  '  of  retardation. 

When  these  el  or.ent  s  hav.  •  beer,  prepared ,  including  the 
:m  ■ !  f.cra;  -h  i  c  t  ri  color  mi  rro:  ,  they  a  re  assemb  led  and  phr  tr- 
r  c-  r i  (m  1  l y  a  1  icnod  f  o  obtain  a  minimum  rend i no  for  the 
1  r  iitsm  i  t  I,,  -cl  unwant od  1  Luht  t : .  a  *•  is  suooosod  to  be  sup- 
r  re;  si  ml  by  t.i.e  1  ar  i  zo  rs  . 


Sl'.CT  I  1  J.\  V  I  ! 

•’!  '!< i  'r' Kv/\'-.'('K  '  T!!!'  TP!  ’• 


To-  trie:  inr  in  -  ]  ( >c;  ranh  1  c  par..  ■.<'<(  • 
i  K-iur-ni  f or  suectr.Vl  re-s.pf  os,-, 
r-  r.tf  i  r  t  ransriss ion  ,  wh it*-  !  ieht  t  r  i 
•  i  r,  u.d  i'f  1  i  i  rra  *-  1  r  •  .  it  was  visual  ! 
•'  i : .  i  t  ■■■  •  >pt  i  oa  1  disnl  *v  wit  <-  rob  r  st  ; 


;.•••••  *  ral  Ki'Spunst' 

The  tricolor  fcoloarnphic  Pancake  w 
filer  eonposi te  hoi c ora’ 'it  i  o  r  i  rror  with 
('speitsi's  .  Tito  thror-  r  irrevrs  corvrisir. 
i  rror  wore-  originally  dosiant  d  to  have 
so  at  4R0nr ,  ".Inn,  and  ePOrur  and 
andwidtk  rcspcnsf'  of  about  i,-»nn.  !'<  r 

r.  this  report  ,  the  so  initial  "also  s  w«- 
arue  denar *-  lie's  for  the  blue  and  tit,.  >: 
his  iffectod  the  t.  ran  so.  i  as  i  on  of  the  P 
he  t  i  ,•  white-  !  i  aht  input  but  irs  •:.<  t, 
f  rt  t:i<-.  rendition  >  f  color.  The  >•<  p-.i. i 
produced  a  eond  whi  to  ,  as  wo  1  1 
ran  -rob  r-uio;.  •'  the  so*  rer  .% 
*■  r.  ],  sc-  s  f  *it'.  f  Lib  1  i  t  in  v-ol-a*  t 

euros  l'1,  are  b'!  roor-'Sojit  *: 

or.  foa  the  three  st.oct  r  1 1  r-*  tie- 
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F IGURL  21.  WAVELENGTH  PEAK  Vs.  FIELD  OF  VIEW  ANGU  (GLUE) 


ODMETRY 


MONOCHROMATOR 


PHOTOMETER 
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NOTH  PEAK  Vs.  El  ELD  OE  VIEW  ANCLE  (CRLEN) 


GEOMETRY 


MONOCHROMATOR 


PHOTOMETER 
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nun  ; if  v:iw  av;i  e 


SHIFT  OF  WAVELENGTH  PEAK 
WITH  ANGLE  OF  INCIDENCE 


WAVELENGTH  nm 


mm.&  miw 


The  t  rnnsmi  ss  ion  values  we  re :  monorh romn t  i<-  red  non 
transmission,  0.44  uereent  ;  monorh  roruat  i  e  nri'ci;  nenk.  t  ran 
mission,  0.76  percent;  monorh  romn  t  ie  b  1  ue  peak  t rnnsmi ss i 
0.25  percent;  and  white-  1  ight  transmission,  0 .  12  5  ncro-nt 
These  values  departed  considerably  from  the  desiqn  values 
because  of  the  effort  to  match  the  focal  lenaths  and  be¬ 
cause  of  time  and  fundinu  limitations. 


The  reflectivity  (diffraction  efficiency  of  the  hole 
Graphic  mirror)  was  not  maximized  to  50  percent..  This  is 
not  a  technological  limitation  in  the'  sense  that  most  of 
the  experimentally  produced  beamsplitters  have  a  diffrac¬ 
tion  efficiency  hiqher  than  50  uereent.  However,  for  a 
broad  band  spectral  input,  a  reflectivity  smaller  than 
50  percent  is  required  to  avoid  double  imaqe  (double  spec 
tral  neak)  transmission. 


This  happens  because  the  Pancake  Window  will  have  a 
maximum  transmission  when  the  reflectivities  of  each  of 
the  two  beamsplitters  equals  50  percent.  For  lower  or 
hiqher  values,  the  transmission  will  be  lower.  If  the 
spectral  response  of  the  beamsplitter  is  not  flat  and  the 
reflectivity  at  the  spectral  peak  is  hiaher  than  50  per¬ 
cent,  then  the  Pancake  Window  will  have  a  maximum  trans¬ 
mission  not  at  the  spectral  peak  but  for  the  two  points 
in  the  spectral  reflectivity  curve  whose  values  are  50 
percent.  These  double  transmission  peaks  will  nroriuce  a 
doubling  of  images  (because  of  the  focal  length  -  wave¬ 
length  dependence)  and  deteriorate  the  resolution  of  the 
system.  Consequently,  and  due  to  time  limitations,  t  ho 
holograms  were  produced  with  emphasis  on  avoiding  those 
problems  and  not  on  maximizing  the  transmission  of  the 
Pancake  Window. 


The  three  spectral  oeaks  denarted  from  the  designed 
values.  When  the  transmission  is  measured  with  relation 
to  the  photonic  visual  resnonse,  the  values  arc  abnormal!' 
low.  Figure  15  shows  how  inefficiently  the  ohctonic  spec¬ 
tra  1  region  is  covered  by  the  three  spectral  peaks. 


Wi th  ho loaranhi o  mirrors  having  better  cons t ruct i on 
parameters ,  monechromat ic  transmissions  over  1.7  nor cent 
and  wh i ♦ e  light  transmission  closer  to  1  nor cent  should  b 

"V'jf'r'  .  (j  . 

I  n  t  pop. '-chroma*-  i  r  system,  it  will  be  required  t  ha 
th*  •  stu-.-t  ra  1  width,  of  tin-  source  bo  n*'-  greater  than  the 
snort  ra  1  r'-snons*  •  of  the  hoi  oaran-.s  .  Per  this  area,  t  ho 
transmission  v.i  1  1  b<  -  sir'i  ir  to  t  hat  of  the  cl  ass  i  on  1 
Pancake  •  Window  <  1  .  2  n<->rc.  -n*  )  or  hi  ohor  as  wo  have  expo  r- 
imontally  rv.is'iiol  it.  p,  ■>  a  white  light  broad  band 
-trni  souro-  ,  *!);o  .rt.x-ct  rnl  ro:;n<-tnso  of  each  of  the 

•  hr<-«  •  color  tv  log  rams  n  !  .  chosen  to  maximize'  t  he 


■  vet  .i'll’  1  -vi  ■ !  *  i:t  •  :  .  i  ♦  < ‘I  >  i  i  •  nu  vc.  A  oompromi  se  must.  b<  • 

:',!>!<  1>»  •  t  v.'. 'i-u  i  mir  •  •«  <v<  •  i  nrui  widening  of  the  spectral 

peak  which  wi  !  1  m  '  i  i . •  i  •  .•< .  1 1  u-  Ui  suersiori .  For  a  JOum  } . . :  1  f  — 

peak  i  u  t  iuu'- 1  t  v  t  .tiuiwi.it::  an.:  with  the  holoqrams  spectral 
pe.ks  e>  ut  ■  -red  at  vi'inn,  ,mci  6  00  run  the  phot  op  ic 

area  wi  1  1  be  a-  >ver*  :  by  :  i  ait  7 r,  percent  and  the  transmis¬ 
sion  will  be  u  .  1.7  :  k  ■  reon  t.  . 


Resol ut  it'll 


re.o  >  i  ut  L .  : :  has  beep,  measure,-  usine  n  orioch  roma  t  i  c 
-i:  r  -e  .  in’!  wh  i  i  •  1  i  aht  i  !  1  uminut  ion.  The  resolution,  tar- 
t  was  a  i'SA’’  1  le - 1  le-so  1  ut  ion.  Chart  placed  at  th*v  roc:il 
are  •:  if  tin-  ni  rrnr  or  projected  on  a  screen  » laced  at 
;is  -  e.i !  p!  us  .  Tlu  inaqe  of  tile  resolution  chart  was 
•  w-  ;  v;  i  *  h  i  lx  maun  i  f  icat  i  on  telescope  from  the  pupi  1 
»:•  u  ■  l .  .  • a  pi:  i  c  Pancake  Window  (Tables  6,  7,  and  8). 


SECTION  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 


This  project  succeeded  in  demonstrating  the  feasibilit 
of  producinc;  a  holographic  compound  spherical  beamsnlitter 
mirror  with  full  color  resnonse.  Furthermore,  this  holo¬ 
graphic  beamsplitter  was  incorporated  into  a  Pancake  Win¬ 
dow  display  system  as  a  replacement  for  the  classical 
glass  spherical  beamsplitter  and  its  performance  and 
color  capabilities  have  been  demonstrated. 

Solutions  to  certain  problems  wore  expected  tc  have 
boon  achieved  prior  to  this  effort.  These  problems  in¬ 
cluded  the  Following: 

1.  The  control  of  the  monochromatic  wavelength  re¬ 
s'  rinse  with  respect  to  its  exact  spectral  position. 

2.  The  spectral  peak  response  stability. 

3.  The  improvement  of  the  holographic  off-axis  re¬ 
solution  . 

The  fact  that  these  areas  were  still  unresolved  required 
the  expenditure  of  effort  in  these  directions  early  in 
'  he  program,  thereby  reducing  both  the  time  ?>-  1  effort 
available  to  achieve  the  specific  coals  of  this  program. 

The  production  of  a  red  hologram  utilized  most  of  the 
program '  s  c  ."forts  and  became  critical  in  proving  the  feasi- 
bilitv  of  the  project .  Early  partially  successful  results 
! od  to  a  false  aonraisal  of  the  overall  difficulty  of  the 

prcbl er. 

Ir.  the  context-  of  design  no;  Is,  all  the  basic  problems 
Lu"o  bee.,  resolved  with  the  exception  of  the  resolution  of 
he-  red  do  1  on  ram  which  needs  further  development  off-axis  . 
The  r.<  '  r  rendut  ion  of  the  rod  hologram  was  more  apparent 
1  I.,::.  1  iw  1  t. he  use  of  a  broad  band  fluorescent  source 

i  ;  1  i:\ut  *  t  he  Air  Force  resolution  target.  This  source 

.  !.-,  !-.<  r.-urv  line  spikes  which  enhance  the  resolution 

1  1  u<  and  a  re  or.  holograms,  with  regard  tc  color  dis- 

Put  *  *  he  Tod  i  1  O  ]  (If!  f , )  D  . 

f  r  o  r  f  r nuance  wi  t  t  roser-ct  tn  some  specif  i  ca¬ 
l'  ;  i  -  i  tt  *  r  i  I. tit  i’t!  *  <  :>i  <  t  m.iiiiif  ict  ur  i  ra  ea  1  ibrat  i  or. 
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or  short  ronul  art  urinr  time,  hut  not  to  basic  m  i  :  •  •  ' 
ore )b  1  onto  . 

1  hit  >  <  i !  these1  S’  'i'e’i  t  i  tvi  t  i  i  ■!!  i  ]  s  ,  tin-  t  rot:.."  :  : ■ :  i  : . 
the  S’aitraki'  Window  was  not.  limit  o!  les  i  nheren*  or  h  :s  :: 
t'foli  loms  but  its  very  low  value  is  due  t.o  low  diflru  •*  r  r 
rt  !  icirncv  ami  wronn  nos  i  t  iotii  ihj  of  t  l.e  v:  r  ■■  i 1  t.o  '  i.  w  :..■■■ 
r.ioak  under  the  photon i  e  visua  I  curve  f|'i  aur-  •  J  it.  r.< 

poor  character ist ics  (which  can  be  improved  with'  .•  r i.r- 
t'ner  research)  wore  iqnored  ip.  favor  of  ach  i  •  i  a  : 

fe'eal  lenoth  match  and  oonmTet  i  no  *  he  project  with  ii. 
requi  rod  time  frame.  (Around  1  .  2  x  cent  for  mo  nock  rr.t.i  t  j  c 
sources  and  0.9  percent  f  or  bread  band  sources,  an  was  <■:■:- 
plained  in  Section  V!T)  . 

Within  the  present  state-of-the-art ,  it  will  be  pos¬ 
sible  to  produce  a  tricolor  Iloloqranhi c  Pancake  Winnow 
with  a  white-  1  iaht  transmission  of  approximate- 1  v  1  t .<■  rc< t. t  . 

The  resolution  of  the  red  h.nloo  ram,  needs  f  <■  be  improve-: 
and  the  relationship  between  construction  wave  lone*  h  and 
resolution  has  still  to  be  determined .  The  wavelength  sV.  i  r  t 
required  us  inn  the  nr^on  laser  is  much  a  renter  *i,ni.  usino 
the  krypton  laser,  but  the  holograph,  i  r  process  is  or  ad¬ 
vanced  for  the  croon  wavelength  of  the-  are  on  i  on  laser  than 
for  the  red  wave lenoth  of  the  k ryot  on  1  aser . 

Continued  dove  lopmen*'  is  recommended  t<  it:  rc.v  *  !.■ 
resolution  of  the  red  he  leer  ir  and  to  establish  >nv  :  ■  - 

s  i  b  1  e  limitation  in  the  use  of  t  he  amen  (>r  t  he  kryfi-n 
1  asor  t  o  p r  o d u c e  t  h e  r ed  ho  leer a m  . 

I t  is  further  recommended  that  other  tricolor  windows 
be  made  with  the  present  techno  1  ooy  oivinq  emphasis  to  the 
quality  of  the  product. ,  os:>eci  a  1  ly  to  wave  lenoth  peak  pos¬ 
ition  and  diffraction  eft iciency  which  will  markedly  im¬ 
prove  the  transmission  of  t he  Pancake  Window.  Also,  rec¬ 
ommended  is  the  elimination  of  cosmetic  defects,  exact  fe¬ 
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The  holooraphic  foci  1  i  t  y  i  1  -  ■  r - 1  ■  • :  i:  t  !.•  ■  \>  er  s  ■  ■  • 
of  the  efmt  raptor's  bui  Idinvs  .  The  three  rest  import.  ant 
thinas  which  were1  considered  in  its  desicn  wo r«.  : 

1.  Control  of  env i  ronment  a  1  oar. '.rotors  (humid i* 
and  temperature). 

2.  Clean,  room  facilities. 

2.  Insulation  from  vihr.d  i  •  tn.d  <\<  ■  i  ■ . 

Picture  A-  J  shows  an  overhead  m  i*  ic  reore.-. 

of  the  facilities.  It  is  ii  inert  amt  «  >  no*- *  h.r  ,  ••  :  t 

there  is  a  different:  room  for  each  <;  i  :  m  -A  or  •*. 
rooms  are  clean  rooms  of  class  1 r* ,  oqo ,  a:  id  all  :.  av.  * 
same  temperature  and  air  humidity. 

In  the  entrance  and  of  f  ice  rooms  ,  t  hr  :  rsc:::K-  1 
themselves  to  enter  the  clean  rooms .  All  1 1  c  <  -  class  a. 
material  is  stored  and  prec leaned  in.  this  room. 


The  chemical  room  has  the  facilities  and  space  t'  • 
prepare  the  gc  1  a  t  in  so]  ut  ions  and  for  the  last  cl  ear.  in 
of  the  plates  which  v:  i  1  1  be  coated.  The  coat  im;  boot  h 
this  room  is  a  class  1 0  0  boot  h  with,  cost  rri  ror  air  so 
circulation,  -air  t  emperat  ur>  ■  and  air  humi di t  y  .  A1  sc  i 
this  room  i  s  a  dot; i  renter  booth  which  a  ’.  so  has  imt  id.it 
and  tempera t  uro  cert,  r'  ]r. 


Tilt'  next  rc><  >h  is  c  >1  1  ed  tin  l  iser  r.  h  r  wh  i  eh 
ir.od  for  testino  and  phot omo t  r  i  <•  ana.  1  vs  is  i  amu;  1  a  r 
wave  1  oruith.  response*  of  the  hoi.  araohic  ;  1  at  <•••>)  . 
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with  heaters,  humidifier  and  dehumidifiers.  The  rooms  ha  v. • 
temperature  control  which  automatically  maintains  the  se¬ 
lected  temperature  to  +1  C.  They  have  a  humidist  at  which 
automatically  controls  relative  humidity  by  means  of  hu¬ 
midifiers  and  dehumidifiers.  They  also  have  an  air  or*  s- 
sure  control  which  automatically  closes  or  opens  the  ex¬ 
haust  damper  to  produce  a  positive  pressure  inside  the 
clean  rooms  at  all  times  (F inure  A- 2) . 

Conditioned  air  is  introduced  in  each  room  thro  up*. 
percent  absc lute  filters  in  the  ceilinq  which  will  filter 
practically  all  particles  larger  than  0 . 3n  a .  This  air 
will  sweep  through  the  rooms  and  return  by  the  prills 
situated  close  to  floor  level  and  opposite  the  filters. 

The  return  air  is  mixed  in  the  ducts  proviclinq  identical 
air  quality  for  all  the  rooms.  The  normal  exhaust  air  is 
used  to  climat.ize  the  entrance  room  before  beino  exhausted 
outside.  The  rooms  also  have  independent  emorqency  ex¬ 
haust  systems  in  the  holocraohic  room,  developing  re  on., 
and  desiccator  booth.  These  exhausts  are  routinely  used 
to  avoid  unhealthy  concentrations  of  volatile  chemicals. 

A  remote  control  damper  will  insulate  the  holographic 
room  to  avoid  any  air  circulation  during  holographic  ex¬ 
posures  . 

The  coat  inn  booth,  Fiqure  A- 3 ,  is  a  class  100  clean 
booth  (no  more  than  100  particles  laroer  than  0.3  micro¬ 
motors  per  cubic  foot).  It  has  a  rotating  table  which 
operates  at  1  rnm  and  over  which  is  placed  the  Plate  to 
be  coated.  This  booth  has  a  Germicide  short  ultraviolet 
light  ,  a  heater,  and  a  humidifier.  It  has  a  reservoir  of 
distilled  water  and  has  two  circulating  fans:  one  for 
high  volume  and  other  other  for  a  very  small  volume  cf 
circulation.  Each  of  these  fans  is  of  continuously  vari¬ 
able  sneed.  The  booth  can  also  be  sealed  from  the  air  in 
the  room. 


This  booth  was  fabricated  of  stainless  steel  and  has 
a  capacity  for  plates  to  36  inches  in  diameter. 

Once  the  glass  plate  is  introduced  in  the  booth ,  it 
is  discharged  of  any  static:  buildup  by  blowing  it  with 
dry  nitrogen  from  a  radioactive  antistatic  nun .  The  air 
is  circulating  at  a  maximum  speed  sweeping  the  boot  h  clear: . 
After  awhile,  *  he  high  volume  circulation  in  reduced ,  the 
plate  is  coated ,  and  the  coating  parameters  ire  adiusted 
to  optair.  *  :o  desired  flatness  and  hardness.  Donond  i  tto 
on  the  gel  at  in  coating  so]  it.  inn  formula:  ion,  flat  plates 
can  be  produced  in  from  s  hours  drying  *  i  mo  to  *}  ?  hours , 
after  whirl,  the  growth  of  bacteria  must  be  avoided. 
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sal  modes  for  tlu  80  watt  laser  is,  70M.I1/ .  These  last 
wat er-eoo  led ,  and  an  expansion  tank  is  used  to  dam: 
rations  in  water  pressure. 


Due  to  the  considerable  noise  and  heat  produced  by 
the  power  supply  of  this  larqe  laser,  a  pioneer inq  tech¬ 
nique  of  huvinq  the  laser  in  a  separate  room  adjacent  t.< 
the  room  which  tins  the  holoqrauhic  table  was  successfully 
used.  The  laser  beams  are  sent  throuah  a  0. A- inch  diamete 
tubular  hole  in  the  partition  wall.  In  this  wall,  there 
is  also  a  con.  i  ra  1  visual  port  to  permit  observation  of 
the  holographic  table,  and  a  port-lens  system  to  display 
interference  frinqes  from  vibration  monit.orino  in  tor¬ 
i'  e  rone  t  .a  rs  . 


The  holo’iiMohic  room  is  insulated  with  an  extra  wall 
of  noise-  ip.su  Lit  inn  material  and  a  double,  nylon-cord  su¬ 
spended  cei  1  inq.  The  holoeraohic  table  is  a  q rani to  slab 
48  inches  x  70  inches  x  10  inches  supported  by  air  tubes. 
The  mirror,  oriain.il  ly  mounted  on  the  table,  is  an  a  1 um- 
ini-ed  class  mirror  with  a  48-inch  radius  of  curvature  and 
40- inch  x  48-inch  nnerture ,  F inure  A-A.  The  mirror  is 
damped  at  the  support inq  base  and  at  its  back  with  small 
elastic  baqs  filled  with  sand  (about  200  kq  of  sand). 
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first  experimental  wet  cell,  used  to  eliminate 
ref  1  pet  ions ,  had  windows  coated  with  hiqh  o  f - 
AR  class  which  fins  a  thickness  of  3/8  inch.  This 
is  useful  for  plates  with  a  maximum,  size  of  24 
21. A  inches,  Finn re  21. 
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F inure  17. 
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